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ABSTRACT 
 
 
This research aims to further the understanding of ecological restoration 
success in the Tampa Bay, Florida, region.  Although over four hundred restoration 
projects have been completed in the bay area, knowledge of their success has 
been hindered by the lack of assessment and transfer of information concerning 
project outcomes.  Without comprehensive project assessment, local science will 
be limited in its ability to inform practice because we lack the advantage of past 
knowledge.   
Using a multi-scaled approach, a diverse set of restoration projects are 
evaluated, providing information on how the projects are contributing to defined 
targets established by the Tampa Bay Estuary Program’s guiding documents.  
Through execution of habitat field assessments and completion of geographic 
information system, remote sensing, and aerial and terrestrial laser scanning 
analyses, the feasibility and effectiveness of these projects is investigated.   
Additionally, the research provides innovative techniques for monitoring 
projects with relative ease, allowing project evaluation to be conducted on a more 
regular basis across a range of temporal and spatial scales.  A cost matrix, created 
from this toolbox, is provided to offer land managers with a means of evaluating, 
regulating, and conserving restored critical coastal habitats in Tampa Bay, thus 
saving public dollars that may otherwise be wasted on failed projects.  
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CHAPTER ONE: 
INTRODUCTION 
 
1.1 Introduction 
 The state of Florida has supported human-kind for more than 10,000 years 
(Vivas 2007).  The earliest settlers were hunter-gatherers, producing little impact on the 
landscape (Ewel 1990).  Once agricultural practices were adopted by native Floridians 
over 800 years ago, landscape features began to change through the use of fire, 
deforestation procedures, dewatering and channelization of aquatic systems, and 
urbanization (Vivas 2007). 
Florida now ranks as the third most populated state in the United States, 
accommodating over 20 million people (Pittman 2015).  It contains more wetlands than 
any other state within the continental borders, based on total area and percentage of 
total land area (Rains et al. 2012).  It also has the second longest coastline in the 
country with 2,170 kilometers, which encompasses 14 major estuaries (Macdonald 
1994).   
As land use has been altered to adjust to the growing population, wetland 
ecosystems that used to cover more than half of the state’s terrain, now account for only 
30% of the Florida landscape (Vivas 2007).  A survey of 10 of Florida’s estuaries 
conducted between the 1940s and 1980s determined up to 50% of the salt marsh, 
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nearly 60% of the seagrass, and up to 85% of the mangrove habitat had also been lost 
(Duke and Kruczynski 1992). 
 With no end of resource use or stemming of human population growth in sight, 
restoration of degraded ecosystems has become one of the most important tools used 
by natural resource managers (Jones 2000).  Restoration is not only critical for 
maintenance of habitat for plant and wildlife diversity, but also to supply ecosystem 
services essential to survival of the human population (Jones 2000).  Florida has 
become a leader in protecting natural resources through acquisition of land for 
conservation, water quality improvement, and habitat restoration (Palacio 2013).  
Despite these efforts, national and regional research data fail to sufficiently describe 
restoration endeavors throughout the state, focusing primarily on projects in the 
Apalachicola River, the Kissimmee River, and the Everglades.  Therefore, there is little 
knowledge of restoration in smaller systems that provide vital habitat for critical species 
and absorb development impacts (Palacio 2013). 
 Given the lack of data relevant to surface water restoration in Florida, there is a 
clear need to understand long-term restoration trends and to analyze existing 
restoration practices (Palacio 2013).  This study demonstrates multi-scaled techniques 
for monitoring coastal habitat restoration, evaluating the level of project success, and 
the efficacy of assessment methodologies.  Ultimately, the results of this work may be 
used as a tool to enhance future restoration efforts by local and state agencies. 
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1.2 Restoration History 
1.2.1 Defining a Discipline  
Originally coined by William R. Jordan III and Keith Wendt, the term restoration 
ecology is the study of ecological restoration (Cairns and Heckman 1996, McGraw and 
Thom 2011).  A distinction is often made between the two terms because ecological 
restoration is an action, whereas restoration ecology is a science (Cairns and Heckman 
1996).  Restoration ecology serves as a bridge between sciences from the natural and 
social realm (Cairns and Heckman 1996).  It is rooted in ecological theory, integrating 
approaches from multiple disciplines including soil science, hydrology, and conservation 
biology (Aradottir and Hagen 2013).   
Ecological restoration is the process of assisting the recovery of an ecosystem 
that has been degraded, damaged, or destroyed (SER 2004).   The practice of 
restoration is a profession of design, where scientists affect changes in the three-
dimensional form and function of a landscape by manipulating the size, shape, 
composition, and structure (Howell et al. 2012).  These activities assist in returning lost 
processes that provide goods and services, thus creating quality habitat for plant and 
animal communities (Aradottir and Hagen 2013). 
Early definitions of the practice of restoration emphasized returning a site to an 
“indigenous, historic ecosystem” (SER 1990).  This exercise was generally found to be 
neither attainable nor feasible as land use, climate change, and the introduction of 
exotic and invasive species catapulted ecosystems onto new trajectories (Aradottir and 
Hagen 2013).  Later characterizations emphasized restoration of ecosystem services for 
society, as well as the process of restoration (Aradottir and Hagen 2013, Clewell and 
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Aronson 2013).  Current restoration efforts now encompass a wide range of ecological 
outcomes related to economics, aesthetics, recreation, and education (Palmer et al. 
2005). 
 
1.2.2 Implementing Change 
Activities leading to the recovery of ecosystems have been practiced for 
centuries, long before an official definition was fashioned (Aradottir and Hagen 2013).  
One of the initial public figures to formally note the interaction between people and the 
natural world was George Perkins Marsh (1801-1882).  In his book, Man and Nature, 
published in 1864, Marsh became the first to imply that humans were “disturbing 
agents,” causing changes to the natural environment (Clark University 2014).  This 
publication was a pioneering literary work that described an interrelationship between 
the environmental and social realm (Clark University 2014).   
Following Marsh’s lead, Aldo Leopold argued forcefully and eloquently for the 
preservation of wilderness, playing a pivotal role in establishing the first wilderness area 
in 1924 (ALF 2017).  Leopold’s “land ethic” took the idea of wilderness conservation, 
captured by Marsh’s work in the formation of national parks and forest reserve, even 
further, imparting the idea that humans should forge a new cooperative relationship with 
nature (McGraw and Thom 2011).  In 1934, he proposed an ecological reconstruction 
project on land purchased by the University of Wisconsin for an Arboretum (Jordan et 
al. 1987).  Leopold wanted the project to be an exhibit to “show what the land was, what 
it is, and what it ought to be,” reflecting Wisconsin prairie habitat pre-settlement 
(Leopold 1934).   
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In the fall of 1935, Leopold led a crew in planting 24 hectares of abandoned fields 
and pastures at the Arboretum (Jordan et al. 1987).  The goal of the project was to 
create Wisconsin’s lost tall grass prairie habitat by restoring the native plant and animal 
communities that once thrived in this area (Jordan et al. 1987).  This was the first 
ecological restoration project in the United States that focused on the entire community 
and its interactions (Jordan et al. 1987). 
 
1.2.3 Determining Restoration Success 
 Since the time of Marsh and Leopold, the growth of restoration science has been 
substantiated by publications, organization memberships, and educational programs 
(Suding 2011).  Further, one of the most fundamental measures has been the success 
of the practice that these factions inform (Suding 2011).  Many impressive stories of 
success have provided excitement and credibility regarding the proficiency with which 
ecosystem functions can be restored (Suding 2011).  However, comprehensive surveys 
of restoration successes and failures are rare, despite the widespread agreement that 
evaluation is a key to future progress in the science (Hobbs and Norton 1996, Palmer et 
al. 2005). 
This lack of monitoring can be attributed to several factors, including the absence 
of clear and measurable project goals (Suding 2011, Palmer et al. 2005, Hughes et al. 
2011).  Additional constraints to monitoring involve nonexistent standards for evaluation 
of restoration, failure to budget for monitoring activities, and inaccessible results (Suding 
2011, Palmer et al. 2005, Hughes et al. 2011).   
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1.3 Restoration in Tampa Bay, Florida 
1.3.1 Geography and Demographics 
Tampa Bay is the largest open water estuary in the state of Florida.  It is located 
on Florida’s west-central coast and its watershed extends through five counties 
(Hillsborough, Manatee, Pasco, Pinellas, and Polk), encompassing 5,698 square 
kilometers (Yates and Greening 2011) (Figure 1.1).  Because of its large size, the bay 
has been grouped into eleven drainage basins for management purposes (Yates and 
Greening 2011).  More than 100 tributaries and four major rivers (Alafia, Hillsborough, 
Little Manatee, and Manatee) are bounded by the Tampa Bay watershed and flow into 
the eleven drainage basins.   
The bay is located between a warm-temperate and tropical biogeographic zone, 
which, along with the abundance of freshwater it receives from its contributing 
watershed, supports a rich and diverse assemblage of flora and fauna (Yates and 
Greening 2011).  Currently, approximately 40,000 pairs of wading and shore birds 
representing 25 different species nest in Tampa Bay (TBEP 2017).  The bay is also 
home to one-sixth of the Gulf Coast’s manatee population and over 200 species of 
fishes (TBEP 2017).  This environmental resource produces significant economic wealth 
for the region in the form of tourism and fishing.  In addition, the Port of Tampa is the 
largest in the state, supplying the local economy with billions of dollars in commercial 
trade (THEDC 2015). 
As land is developed to serve the human needs, the natural balance of the bay’s 
plant and animal communities are inevitably rearranged (Wolfe and Drew 1990).  In 
2014, the US Census Bureau estimated the Tampa-St. Petersburg-Clearwater 
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Metropolitan Statistical Area population to include nearly 3 million people, representing 
a seven-fold increase since 1950 (BEA 2015).  The growth rate for the bay is also 
outpacing the national average by about 0.5% annually (BEA 2015).  With the tempo of 
this development, rectifying past damage to bay habitats, maintaining water quality 
levels, and protecting both for future generations is the greatest challenge facing natural 
resource managers (Yates and Greening 2011). 
 
1.3.2 Habitat Types 
 Restoration efforts in Tampa Bay, currently and historically, primarily focus on 
emergent tidal wetlands, which include mangrove forest, salt marsh, and salt barren 
habitats.  Because the key role these wetlands provide in the life cycles of estuarine 
species was only recognized in recent decades, much of this habitat type has been 
intensively modified or lost altogether (Lewis and Robison 1995).  These wetland types 
coexist along the intertidal area of the bay’s urbanized shoreline and within its tidal 
tributaries.  Salinity plays a vital role in how each habitat is distributed and its overall 
species composition (Morrison et al. 2011).   Collectively, emergent tidal wetlands form 
an important ecosystem complex in the bay, providing for a host of food web 
interactions, cycling and uptaking nutrients and pollutants from bay waters, and 
protecting shorelines from erosive forces (Morrison et al. 2011).  
Mangrove forests in Tampa Bay are comprised of four tree species.  These 
include the red mangrove (Rhizophora mangle), black mangrove (Avicennia 
germinans), white mangrove (Laguncularia racemosa), and buttonwood (Conocarpus 
erectus).  Buttonwoods are often considered a fourth mangrove species (Hill 2009).  
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However, it is technically classified as a mangrove associate due to its lack of the 
specialized morphological structures common to true mangrove species (Hill 2009). 
 Mangrove propagules are dispersed in spring and early summer and inhabit 
different platforms within the forest based on ground elevation (Hill 2009).  Red 
mangroves provide the dominant cover within the upper subtidal to lower intertidal zone 
and are uniquely identified by their network of prop roots that originate from the trunk of 
the tree (Davis 1940, Odum and McIvor 1990).  Black mangroves inhabit the area just 
inland from red mangroves and are characterized by vertical branches that develop 
from roots lying below the soil called pneumatophores (Odum and McIvor 1990).  White 
mangroves typically grow upland of the other two species, prominently establishing 
themselves, along with the buttonwoods, in the high marsh portions of the forest (Odum 
and McIvor 1990). 
Salt marshes perform a unique ecological role within the estuary, where they are 
recognized as important nursery grounds for fish and shellfish species (Morrison et al. 
2011).  Native salt marsh vegetation in Tampa Bay is dominated by smooth cordgrass, 
Spartina alterniflora (Morrison et al. 2011).  This species is a rapidly expanding pioneer 
colonizer within the intertidal zone that helps to stabilize marsh sediments (Lewis and 
Estevez 1988).  Mangrove propagules often settle in and around the salt marsh as 
ecological succession progresses, creating the climax community in Tampa Bay 
(Morrison et al. 2011). 
Salt barrens appear as sparsely covered bare zones within mangrove forests and 
salt marshes.  These slightly depressed areas are created as high spring tides flow over 
and are occasionally trapped, creating hypersaline conditions as the water evaporates 
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(Thayer et al. 2005).  Salt concentrations in this habitat grow a distinct palette of 
succulent halophytes, in addition to creating an apparent expanse of salt encrusted bare 
earth (Hoffman and Dawes 1997).  These habitats are important diurnal feeding habitats 
for a number of fish and wading bird species (Lewis and Estevez 1988). 
Coastal uplands in Tampa Bay provide a buffer between tidal wetlands and 
urban and agricultural development, as well as transitional habitat for estuarine reptiles 
(PBS&J 2009).  This habitat includes a complex of mesic flatwoods and hydric 
hammocks that occur immediately landward of the wetland communities and within 4.8 
km of the bay’s shoreline (PBS&J 2009).  These areas may house freshwater marshes 
and shallow ephemeral ponds that supply nesting wading bird species with foraging 
areas for their young and also serve as repositories for a multitude of the bay’s 
amphibians (PBS&J 2009). 
 
1.3.3 Restoration Paradigms 
A paradigm for ecological restoration within these habitats follows the 
assumption that a type of barrier exists, preventing the recovery of the ecosystem from 
a degraded state without management input (Aradottir and Hagen 2013).  Identification 
of the barrier is used as a basis for selecting the proper intervention to overcome it and 
stimulate recovery of the system (Aradottir and Hagen 2013). In less degraded areas, 
some level of biodiversity and ecosystem services may be restored through changes in 
land use or management practices (Chazdon 2008).  Whereas, in more intensely 
degraded areas, greater intervention is required to restore the system’s biological, 
chemical, and physical components (Aradottir and Hagen 2013). 
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Two restoration strategies are used to plan and implement projects in Tampa 
Bay.  These are the “restoring the balance” and the “habitat mosaic” approach.  The 
“restoring the balance” approach was developed by Lewis and Robison (1995) who 
identified 10 faunal guilds that represented the main categories of estuarine-dependent 
species in the bay.  Prior to major anthropogenic impacts in Tampa Bay (circa 1900), 
these species were assumed to have optimally exploited the various habitat types 
discussed above to achieve successful life history strategies.  Since that time, habitat 
types have been disproportionately lost throughout the estuary, which could create a 
limiting factor for the overall population of some species.  Restoration activities under 
this paradigm, therefore, focus on these habitats whose spatial extent has been 
unequally affected when compared to other habitats (Morrison et al. 2011). 
The “habitat mosaic” approach stems from the opportunistic nature in which 
restoration occurs in Tampa Bay (PBS&J 2009).  With the rate of urbanization, most 
public lands available for restoration activities are acquired as they become available on 
the real estate market and as funding allows, making the “restoring the balance” 
paradigm unachievable on a watershed scale (PBS&J 2009).  Therefore, this strategy 
has been implemented on a smaller scale via the “habitat mosaic” paradigm (PBS&J 
2009).  This approach was pioneered by the SWFWMD’s Surface Water Improvement 
and Management Program (SWIM) and attempts to incorporate a diversity of habitat 
types and functions within each restoration site.  Projects generally contain freshwater, 
estuarine, and upland components, as well as provide a level of stormwater runoff 
quality improvement, where feasible (Morrison et al. 2011). 
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1.3.4 The Restoration Process 
Applied restoration in Tampa Bay is a multi-step process through which 
ecological theory guides practice to produce a naturally functioning ecosystem (Zedler 
2002).  The local restoration process generally follows a basic outline for project 
implementation (Vaughn et al. 2010); 
 
1. The proposed site is assessed, 
2. Project goals are formulated, 
3. Sources of disturbance are removed, 
4. Substrates are rehabilitated, 
5. Vegetation native to the site is restored, 
6. Ecological processes and disturbance regimes are reinitiated, and 
7. Maintenance is completed. 
 
This process may use different methods to achieve a variety of goals.  Ehrenfeld (2000) 
described the common restoration goals and placed them into generalized categories 
that include: 
 
• Restoration of species, 
• Restoration of ecosystems, watersheds, or landscapes, and 
• Restoration of particular assemblages of species, levels of diversity, or sets of 
biotic interactions. 
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The SWFWMD SWIM Plan for Tampa Bay (1999) focuses on the restoration of 
ecosystems, watersheds, and landscapes and the approaches used to accomplish 
them; 
 
• Habitat creation and enhancement – creation of habitat mosaics through the 
removal of exotic plant species, revegetation with native plant species, 
construction of coastal uplands, tidal lagoons, and freshwater wetlands, and 
• Water quality improvement – reduction of nitrogen loads entering the bay through 
implementation of stormwater retrofit projects. 
 
The first step in the restoration process involves establishing general principles 
that will guide the project toward what the restorer hopes to accomplish (Howell et al. 
2012).  Noting where the site is located, who the stakeholders are, and what state the 
site is currently in will help to select the proper suitability model used to drive the 
restoration practice. 
Suitability modeling provides the guiding theory to direct stakeholders toward 
structural components, encompassing what the people want to see, or functional 
components, such as improvement in water quality (Zedler 2002).  Suitable models can 
be designed to mimic sites with reliable historical information, can be based on 
undamaged naturally occurring ecosystems, known as reference sites, or can be 
drafted by compiling evidential fragments of an idealized state or scenario (Lake 2001, 
Zedler 2002).   
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A type of this model is called the Field of Dreams strategy.  This strategy stems 
from the notion that if the physical structure for a particular ecosystem is created, then 
the biotic composition and function will essentially self-assemble – “if you build it, they 
will come” (Hilderbrand et al. 2005).  A fundamental assumption of this strategy is that 
the process of community and ecosystem assembly follows a repeatable trajectory, and 
any uncertainty is ignored (Hilderbrand et al. 2005).   
In the next step, thorough background information is gathered concerning the 
site’s history, hydrology, soil types, plant and animal communities, and cultural 
resources.  Hobbs and Norton (1996) emphasize the need for considerable site 
reconnaissance and assessment measures that will assist in developing landscape 
scale methodologies.  Assessment actions should identify sources of degradation, 
assess their current status and intensity, prioritize their severity, and determine a path 
for abatement and consequent system recovery (Lake 2001).    
Following the site assessment, a working plan is developed to dictate how the 
project will be executed.  A master plan determines the desired outcomes of the project 
and any constraints that should be taken into account.  Three types of constraints are 
generally evaluated in this plan, including ecological, economic, and social (Miller and 
Hobbs 2007).  Ecological constraints can be analyzed from the background assessment 
and may limit restoration possibilities based on the biophysical realities of the site and 
its surrounding landscape (Miller and Hobbs 2007).  Economic and social constraints 
limit the scope of work that can be performed (Miller and Hobbs 2007).  It may be 
realized at this point that the allocated funding will not be enough to complete the 
necessary work and that more is needed or a scope reduction is required.  Further, 
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available funding may be limited by social constraints and public attitude concerning the 
perception of “payoff” to expenditure ratio (Miller and Hobbs 2007). 
The master plan establishes the project layout and boundaries and sets goals for 
the ecosystem restoration, whether species specific, ecosystem function, or ecosystem 
service related, and creates guidelines for how people will be involved with the site 
(Howell et al. 2012).  Success criteria can be backward gazing, aiming to guide a 
degraded system to a condition that is reminiscent of its structure or condition in the 
past (Suding 2011).  Often, this information is hard to obtain, so comparisons with 
reference sites or other un-restored degraded systems are generally used to provide 
additional direction (Suding 2011).   
The site and implementation plan refines the goals introduced in the master plan, 
locates any infrastructure needed to achieve use-policy objectives, the project schedule, 
and resolves logistical issues, such as permitting or resource allocation (Howell et al. 
2012).  This part of the plan may include detailed instructions for achieving project 
objectives (Howell et al. 2012), such as amendments to be used for the repair of soil 
texture or chemistry or techniques for restoring hydrological regimes (Vaughn et al. 
2010).  It may also describe the nature of any disturbance cycles required to maintain 
the site (Howell et al. 2012).   
 Emerging guidance suggests that adding topographic heterogeneity may 
enhance both species richness and functional diversity of a restoration site (Zedler 
2002).  This concept more closely mimics natural systems, providing niches to support a 
wider range of species (Zedler 2002).  Simply adding deep pools within a tidal lagoon 
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often provides refuge for certain types of fish and crustaceans, adding to the site’s 
overall function and diversity. 
 When project construction has been completed, maintenance begins, and in 
theory, the monitoring plan, to determine whether the goals initially established for the 
project have been met.  The plan contains information related to what is to be 
measured, how it will be measured, and the frequency of measurement (Howell et al. 
2012).  It also determines who will collect and analyze that data (Howell et al. 2012).  All 
of this information will inform future management decisions on restoration activities 
(Vaughn et al. 2010). 
 In the US, many restoration projects are undertaken within a legal context of 
mitigation, where specific criteria are required to be met within a short time frame (NRC 
2001).  When targets within these projects are missed, corrective measures and 
additional assessment time add cost to the projects (Zedler 2002).  Non-mitigation 
projects, like those performed by SWIM, may assign more general outcomes and no 
penalty is assessed for deviating from the targeted result (Zedler 2002).   
 Ecological outcomes differ from success related to economics, aesthetics, 
recreation, and education, though all are valid criteria and may be included as criteria to 
be monitored (Palmer et al. 2005).  Some ecologists favor establishing standards of 
evaluation from the outset that involve, minimally, ecological success and economic 
costs, which they feel is essential for translation into reporting systems at the regional 
and national levels (Palmer et al. 2005).  While others, like Zedler and Callaway (2000), 
reject hard criteria related to success and failure terminology.  They suggest monitoring 
trends that work toward an idealized ecological goal of the restoration project and 
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advocate that as long as restored sites move closer to the idealized goal, then they are 
in compliance (Zedler and Callaway 2000). 
 
1.3.5 Restoration Monitoring Tools and Technologies 
Monitoring of restoration projects in Tampa Bay, like most locations throughout 
the US, has been challenging due to differing goals and responsibilities of the agencies 
that perform them.  Additionally, funding has been limited for this endeavor.  While 
projects continue to be carried out bay wide, lessons learned from the individuals 
completing the work may be delayed or altogether lacking in dissemination to other 
researchers and the public. 
Restoration monitoring involves the collection and analysis of data to provide 
information for measuring project performance (Thayer et al. 2005).  This process 
assesses resource changes and trends over time, thus requiring repeated sampling 
(Block et al. 2001).  Attributes within the restored footprint are generally identified based 
on specific areas of concern or interest.  A list of potential measurements can then be 
compiled to evaluate these attributes and the measurements can be condensed into a 
set of metrics (Langman et al. 2012). 
The optimal choice of restoration metrics defining success can depend on a 
number of factors including technical feasibility, effectiveness, communicability, and 
preferences of stakeholders (Convertino et al. 2013).  Despite the value of monitoring a 
range of attributes within an ecosystem, vegetation sampling remains a central feature 
of monitoring restoration success (Ambrose 1995).  When combined with one or more 
ecological process indicators, managers have the ability to more accurately predict 
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long-term success of a restoration project based on short-term data because these 
represent foundational attributes for nearly all ecosystem services (Herrick et al. 2006).   
Deciding whether to remotely acquire monitoring data, use ground-based 
techniques, or employ a combination of the two is determined according to both the 
goals and the scale of the restoration project (Shuman and Ambrose 2003).  Ground-
based monitoring generally focuses on mapping and collection of information related to 
habitat types and vegetation and is the traditional method for gathering environmental 
data (Shuman and Ambrose 2003).  Techniques associated with this type of monitoring 
typically produce high spatial and taxonomic resolution across small spatial scales 
(Phinn et al. 1996).  They are also time consuming and may introduce disturbance into 
sampled areas (Phinn et al. 1996).   
 Photo-point monitoring is the easiest ground-based data collection technique and 
is often used, alone or in conjunction with other methods, to record and measure visual 
change in the natural environment by collecting a series of images of a fixed area or 
subject over time (O’Connor and Bond 2007).  The technique was pioneered in 
vegetation ecology in Arizona and since, has been applied in many parts of the United 
States (O’Connor and Bond 2007).  This technique requires little technical skill, time, or 
money, creates little disturbance on restored sites, and generates data that can be 
stored electronically and linked to site records (O’Connor and Bond 2007).  It is limited 
by its ability to detect changes that cannot be seen with the naked eye from the camera 
position and project information can be biased or misrepresented by the number of 
stations established on a site (O’Connor and Bond 2007). This technique can generally 
not be used to compare data between sites without additional information, and proper 
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interpretation requires the collection of metadata (e.g. time, station, season)(O’Connor 
and Bond 2007). 
Point, transect, and quadrat sampling methods can evaluate density, species 
presence or absence, growth rate, other measurements at random or fixed positions 
within a project boundary (Thayer et al. 2005).  These techniques can be used to 
monitor plant and animal species and can be conducted quickly, easily, and at low cost 
at a specific point, along a line, or in square or circular sampling areas (Elzinga et al. 
1998).  More technical skill is required to perform these sampling methods as the 
evaluator must possess the ability to identify plant or animal species of interest in order 
to properly document project data.  Like photo-point monitoring, these methods can be 
biased or misrepresented depending on the placement of monitoring sites (Elzinga et al. 
1998).  Significant time commitments may be required to complete these efforts 
depending on the number of stations and amount of data that is gathered at each 
location. None of these methods can provide a complete picture of ecosystem health 
since they only represent certain fragments of a site at any one time (Elzinga et al. 
1998).   
As the size of a restoration site expands or the number and spatial distribution of 
sites increases, the use of remote monitoring techniques becomes more efficient 
(Shuman and Ambrose 2003).  Remotely acquired measurements are more 
technologically sophisticated than ground based methods, requiring computer-aided 
interpretation of satellite or aerial imagery (Turner et al. 2003).  These techniques have 
the ability to produce spatially explicit information for large habitat areas, ideal for 
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detecting patterns that may not have been gathered on the ground and they introduce 
no disturbing influence on the evaluated habitats (Shuman and Ambrose 2003).   
Aerial photography, technically a remote procedure, can aid both ground and 
remote monitoring approaches (Lengyel et al. 2008).  Aerial photography can be used 
to monitor changes in vegetation, river corridors, sediment deposition, and other 
environmental attributes (Pearlstine 2005, Palmer et al. 2005, Hohenthal et al. 2011).  
Imagery can be acquired by satellites or airborne devices with special digital cameras.  
This method is not inexpensive, but can be used to monitor vast areas more efficiently 
than could be accomplished through field monitoring techniques.  Additionally, this 
method may be repeated relatively easily.  Limitations of aerial imagery include the 
need for a high degree of precision.  Methods and sampling conditions must be 
monitored to ensure consistent and repeatable data are obtained during flight times.  A 
high degree of skill is required for interpretation of aerial imagery.  Once data are 
collected, a photo-interpreter, with an expertise in visual change detection of vegetation 
or other features, must digitize the images to explain observed phenomena over time.  
Some level of ground-truthing is also generally required with this method.   
Remote sensing techniques may involve color-infrared aerial photography or 
satellite imagery (Thayer et al. 2005).  Spectral information has been successfully used, 
when integrated with geographic information systems (GIS), for a number of years to 
accomplish a host of monitoring objectives.  Landscape changes have been 
distinguished as one land cover type is converted to another (Bolca et al. 2007).  More 
recently remote sensing has been used to identify ecosystem functional types, providing 
an overall description of ecosystem diversity at regional scales (Cabello et al. 2012).  
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Employing this technology requires a great deal of skill.  However, remote sensors used 
in restoration projects can monitor and assess long-term trends and short-term changes 
in vegetation and hydrology more quickly, more completely, and at a lower cost per unit 
area than field surveys alone (Klemas 2013). 
 Aerial Light Detection and Ranging (LiDAR) platforms have bolstered remote 
monitoring efforts and the understanding of many critical topics related to ecosystem 
and geomorphological structure at landscape scales (Eitel et al. 2013).  More recently, 
3-D LiDAR data are emerging as a way to quantify structural changes in habitats and 
can assist in predicting ecosystem responses to change (Eitel et al. 2013).  Finer spatial 
scale endeavors have traditionally relied heavily on manual field measures, however, 
terrestrial laser scanning is a rapidly maturing LiDAR technique that can complement 
and enhance traditional field methods for fine scale structural property quantification 
(Eitel et al. 2013).  The major limitations of this technique include low temporal 
resolution that often exists between each data acquisition, a relatively high cost that 
puts this method out of reach for many potential users, and the high level of skill 
necessary to obtain and process data (Eitel et al. 2013). 
 It is recommended that scientists aim for objectivity and clarity when establishing 
project goals and evaluating outcomes (Zedler 2007).  When monitoring techniques are 
used wisely and different methodologies are combined, they can provide data that 
greatly enhances research, management and restoration objectives of ecosystems 
(Klemas 2013).  Showing that the work was effective, the investment worthwhile, and 
compliant with government regulations helps to promote projects as “successful” (Zedler 
2007). 
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1.4 Research Focus 
Since the 1950s, Tampa Bay has lost approximately 50% of its natural shoreline 
due to development and impaired water quality (Rains et al. 2012).  Evidence of this 
environmental degradation has resulted in diminished native plant and animal 
communities and in the aesthetic, recreational, and commercial aspects of bay life 
(Yates and Greening 2011).  Therefore, restoring to an original ecological state, at any 
scale, is generally not feasible (Brandon 2014). 
The term “habitat restoration”, or simply “restoration,” as referenced in this 
document, denotes any activity that “rehabilitates, enhances, or recovers ecosystem 
processes, structures, or functions on a site through the use of management measures” 
(Brandon 2014).  These measures include simple exotic removal and marsh planting 
efforts or full ecosystem creation and enhancement, ranging from a few thousand 
dollars to millions of dollars. 
The following research aims to further the understanding of restoration success 
in the Tampa Bay, Florida, region by evaluating a series of habitat restoration projects 
completed over a 25-year period, in addition to projects proposed for restoration.  The 
purpose is to focus and sharpen thinking about habitat restoration outcomes, such as 
the desired state and condition, by reviewing how restoration projects in Tampa Bay are 
designed, implemented, and change over time. Additionally, the research intends to 
present innovative techniques for project evaluation that may be less arduous when 
compared to past methodologies, allowing project appraisals to be conducted on a more 
regular basis.  These data can be provided to local resource managers to assist with 
assessing, regulating, and conserving restored critical coastal habitats in Tampa Bay.   
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This work was organized across three distinct study areas, encompassing a 
range of temporal and spatial scales (Table 1.1).  The research is related to the 
practical application of ecological theory, using modern technology, and will focus on 
these four basic questions: 1) What is the extent of restoration completed by the SWIM 
Program in Tampa Bay?  2) Are the projects becoming self-sustaining, and thus 
“successful,” over time?  3) Are these projects making a difference, ecologically, within 
the watershed?  4) Can the proposed monitoring techniques provide a cost-effective 
method for validating restoration project success?   In this study, these questions were 
posed in the context of the Tampa Bay watershed and are addressed in the following 
three chapters and summarized in the final chapter.  
Chapter 2 addresses how habitat restoration is applied on a regional, watershed, 
scale.  By performing detailed digitization of 34 of the largest restoration projects 
completed in Tampa Bay over 23 years, a measure of what types of habitat have been 
created and their extents was achieved.  In this chapter, common mitigation metrics, the 
Uniform Mitigation Assessment Method (Chapter 62-345, F.A.C.) and Landscape 
Development Impact index (Brown and Vivas 2005) scores, were used to determine 
how these projects performed over time and how their implementation affected, or were 
affected by, the surrounding land uses.  
Chapter 3 reviews, on a landscape scale, how a singular project develops over 
time.  In this chapter, remote and ground-based methods are used to assess changes in 
habitat structure on a project over a 10-year period.  Remote sensing techniques were 
used to perform a geospatial appraisal of a large tract of restored mangrove forest.  
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Field-collected line-intercept transect data provided detailed vegetation coverage 
patterns, in addition to ground-truthing the remote methodology. 
Chapter 4 evaluates how LiDAR technology can produce a better restoration 
outcome from inception on a project scale.  By identifying features within a project 
footprint that may have otherwise not been delineated or recognized, restoration design 
plans can propose how to deal with these landscape characteristics in the most time and 
cost efficient manner and determine how they can best be utilized to bolster ecosystem 
dynamics. Aerial and terrestrial LiDAR was collected and processed for a riparian and 
coastal shoreline restoration project to quantify structural properties within these 
ecosystems at coarse and fine scales. These techniques, though implemented in 
numerous fields, have not been fully explored in the realm of habitat restoration.   
Chapter 5 briefly summarizes findings and draws conclusions between the three 
preceding chapters. Management implications and future work of each chapter are also 
discussed. 
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Table 1.1.  Temporal and spatial scale of research in this document. 
Chapter Study Area Habitat Temporal 
Scale 
Spatial 
Scale 
Methods 
2 Tampa Bay Watershed Various 23 Years Regional 
1. Habitat Assessment 
2. GIS Analysis 
3 Old Tampa Bay Mangrove Forest 10 Years Landscape 
1. Vegetation Survey 
2. Remote Sensing 
3. GIS Analysis 
4 
Hillsborough River 
and Terra Ceia Bay 
 
Riparian 
Shoreline 
and Coastal 
Embayment 
Pre-
restoration Project 
1. Aerial and Terrestrial LiDAR 
2. GIS Analysis 
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Figure 1.1.  Drainage basins within the Tampa Bay watershed. 
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CHAPTER TWO:   
 
        EVALUATING OVER 20 YEARS OF HABITAT RESTORATION IN TAMPA BAY  
 
2.1 Introduction 
Estuaries are valuable ecosystems that provide important habitat for a number of 
species (Cicchetti and Greening 2011).  The primary productivity within these habitat 
types are reportedly one of the highest among all of the global ecosystems (Montague 
and Weigert 1990).  Anthropogenic sources can put these ecosystems at risk, even 
when measures are taken to protect them.  Globally, estuaries are exposed to 
environmental pressure from agricultural, urban, and industrial pollutants that enter the 
systems locally, through stormwater runoff and overland flow, or travel great distances 
via riverine transport (Xian et al. 2007). 
Not unlike other estuaries worldwide, Tampa Bay has experienced significant 
habitat loss over the past 65 years due to human activities.   Impairment of bay assets 
can be attributed to phosphate mining, lack of wastewater treatment, dredge and fill 
activities, and expansive population growth (Imperial 2000).  In the late 1970s, the bay 
was in such a ravaged state that it was pronounced “dead” (Yates and Greening 2011).  
While some of the degrading forces have since eased, development pressures and new 
threats continue to evolve.  Despite its destructive and negative history, Tampa Bay has 
become a national environmental success story, reducing point source nitrogen loading 
by more than 40% and surpassing seagrass recovery goals of 15,378 hectares 
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(Greening et al. 2014).  Central to this positive shift has been the long-term commitment 
from the bay’s natural resource community and the implementation of strong science-
based management strategies (Imperial 2000). 
 
2.1.1 Environmental Degradation 
 The first recognition in modern times of declining conditions in the bay originated 
from the US Public Health Service in 1954.  Galstoff (1954) stated that “pollution of the 
Tampa Bay drainage is caused by…industrial waste from six upstream phosphate 
mines, several citrus canneries, and miscellaneous plants.  Tampa Bay is grossly 
polluted, and bathing water in Clearwater Harbor and St. Joseph Sound have been 
affected adversely.  Several large shellfishing areas are closed to the taking of shellfish 
because of pollution.”  
The City of Tampa’s wastewater treatment plant at Hooker’s Point served as 
another point source of pollution, as it pumped minimally treated sewage directly into 
Tampa Bay (Imperial 2000).  Dredge and fill activity was also underway, creating and 
maintaining major shipping channels for Port of Tampa commerce (Imperial 2000).  
Local residents commonly noted malodorous conditions, resulting from dense floating 
algae mats and massive fish kills as nutrient levels soared and benthic topography was 
altered (SWFWMD 1999).   
Issues continued to compound due to the expansive population growth on the 
highly-urbanized lands that surround the bay.  The rapid rate of development, in many 
cases, overwhelmed existing and older portions of the adjacent cities, causing 
stormwater runoff to discharge sediment loads, nutrients, and other pollutants directly 
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into bay waters without the benefit of conventional treatment (Imperial 2000).  By the 
mid-1960s, local scientists intuitively knew that the Tampa Bay system was in a 
significant state of decline (Yates and Greening 2011).   
 
2.1.2 Road to Recovery via Regulation and Science 
After decades of mistreatment, Tampa Bay began the slow road to recovery.  As 
an initial step, the State of Florida created special single-purposed districts to manage 
its water resources (Christaldi 1996).  One of these entities was the SWFWMD, which 
was established in 1961 to provide flood protection after issues arose from Hurricane 
Donna’s landfall in the southern portion of the state.   In 1972, the Legislature passed 
the Florida Water Resources Act (Chapter 373, Florida Statutes), generating permitting 
requirements for water use, surface water management, and well installation.  The Act 
included provisions for the establishment of a state water regulatory agency, later to 
become the Florida Department of Environmental Protection (FDEP) (Christaldi 1996).  
Under this act, the five water management districts moved under FDEP’s authority and 
were now responsible for sanctioning water resource permits and enforcing compliance. 
Meanwhile, with the advent GIS, scientists had the ability to quantify habitat loss 
throughout the bay, fully realizing the extent of past damage, and began to plan for 
future interventions. The first restoration attempts began with small, principally 
unsuccessful, plots of experimental seagrass plantings.  By the early 1970s, these 
efforts developed into larger intertidal plantings that included mangroves and Spartina 
alterniflora, smooth cordgrass (Hoffman et al. 1985).   
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Environmental advocates continued to pursue efforts that would lead to the 
restoration and protection of bay assets.  In 1978, passage of the Grizzle-Figg Act 
(Florida Statute 403.086) required wastewater treatment plants discharging into the 
Tampa Bay watershed to achieve advanced wastewater treatment levels of 3 mg/l of 
nitrogen or 100% reuse within three years (Greening et al. 2014).  Pursuant to this 
legislation, the City of Tampa replaced the aging Howard F. Curren sewage treatment 
plant and constructed a new advanced wastewater treatment facility in the early 1980s, 
removing a significant source of nitrogen pollution (Greening et al. 2014).   
In 1982, hot on the heels of this triumph, the first Bay Area Scientific Information 
Symposium was held, bringing together scientists from various fields of study to identify 
and discuss additional issues hindering the rejuvenation of bay habitats (Imperial 2000).  
The symposium provided a venue for collaboration and was so successful that it 
sparked the formation of the Agency on Bay Management through the Tampa Bay 
Regional Planning Council in 1985 to coordinate and plan future recovery work (Imperial 
2000). 
The years that followed observed a greater emphasis on the protection of surface 
water.  Through the SWIM Act of 1987 (Section 373.451, Florida Statutes), the Florida 
Legislature directed the state’s water management districts to “design and implement 
plans and programs for the improvement and management” of these waters (SWFWMD 
1999).  This legislation required that the water management districts “protect the 
ecological, aesthetic, recreational, and economic value” of 10 priority state surface 
water bodies through implementation of habitat restoration and water quality 
improvement projects (SWFWMD 1999).  The SWIM Program was the first major state 
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program to address the overall needs of a waterbody by viewing the structure as a 
connection of resources rather than simply an isolated system (FDEP 2016).   
Tampa Bay was designated an “estuary of national significance” by the US 
Congress in 1990 (Yates and Greening 2011).  The following year, the Tampa Bay 
Estuary Program (TBEP) was constructed from a partnership of local, state, and federal 
environmental agencies that would develop long-range plans for bay restoration 
(Imperial 2000).  In 1996, TBEP and its partners completed the first Comprehensive 
Conservation and Management Plan (CCMP) for Tampa Bay, which included 
restoration targets for each bay segment based on the “Restoring the Balance” 
paradigm (Table 2.1).  In 1998, the partnership pledged to work toward achieving goals 
of the CCMP, also known as “Charting the Course.”  The CCMP was forged from six 
years of scientific data that identified the bay’s most pressing environmental issues 
(TBEP 2006). 
 
2.1.3 Restoring the Balance  
The TBEP continues to coordinate protection and restoration efforts within the 
bay, updating the CCMP every 10 years to summarize past activities and to integrate 
new or emerging areas in need of action (Hoppe 2016).  The CCMP endorses the 
protection and restoration of a variety of habitats, including estuarine and freshwater 
wetlands, coastal upland forests, and seagrass beds.  The main goal of TBEP is to 
restore these ecosystems to their historic extents (circa 1950), noting that certain 
habitat types have been lost in a greater proportion over time than others.  Restoration 
targets within the CCMP seek to achieve maximum recovery of the habitats hardest hit 
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by development activities, while preserving and enhancing mangrove and marsh 
communities through land acquisition, eradication of exotic and invasive plant species, 
and regulatory protections (Rains et al. 2012).  Specific targets incorporated into the 
plan are shown in Table 2.2. 
 
2.1.4 Monitoring Progress of Restoration Goals 
Nearly 400 projects, recording over 3,500 hectares of restored habitat, have 
been implemented by more than 30 entities in Tampa Bay since 1971 (TBEP Water 
Atlas 2016).  Unfortunately, monitoring of coastal habitats in Tampa Bay is not a 
standardized practice and is often not completed at all, despite the decrees of the 
founding fathers of restoration science.  The SWIM Program projects commonly require 
no monitoring and therefore, it is usually not included as part of the overall restoration 
plan.  Monitoring is only conducted when a portion of the project is federally funded or a 
specific permit requirement is imposed.  The SWIM Program and other TBEP partners 
do, however, provide annual updates on project completion, using the measurable 
benefit, e.g. acres restored, outlined in the project master plan.  The TBEP maintains a 
database with project information and determines how the Tampa Bay ecosystem is 
fairing based on the collected project data.  
 
2.1.5 Approach 
To address the lack of monitoring, the goal of this study is to develop a 
framework to initiate assessment of habitat restoration in the Tampa Bay region.  This 
assessment structure will be evaluated to consider how it can meet the needs of the 
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SWIM Program, and potentially, that of natural resource managers in the bay region.  
Specifically, the research intends to address the following questions:  1) Is the SWIM 
Program implementing projects in accordance with the “Restoring the Balance” 
paradigm outlined in the TBEP CCMP?  What habitat types and extents have been 
created since the inception of SWIM and how have they contributed to the overall 
CCMP goals?  2)  How are these projects developing over time and which project types 
are most and/or least self-sustainable, or “successful”?  3)  Can the research monitoring 
methodologies demonstrate whether the restoration projects are providing an ecological 
benefit within the bay segments and/or drainage basins in which they are constructed 
and to the Tampa Bay watershed overall? 
Pure restoration, or projects not used for mitigation credit like those implemented 
by the SWIM Program, incorporates similar features and goals as projects constructed 
to compensate for environmental impacts due to development.  Habitat assessments, 
particularly for wetland communities, are regularly reviewed for permitted impacts and 
are a required part of mitigation.  Methods for these appraisals can take the form of 
remote sensing analyses, onsite “rapid” techniques, and intensive field measurements 
where floral, faunal, and biogeochemical data are collected (Mack 2006).   
These methods have been used for many years, have been highly scrutinized, 
and have a structured accounting process for easy comparison of results. Therefore, 
the assessment tools used for mitigation also seemed appropriate for quantification of 
community development within habitat restoration projects. Using a selected subset of 
projects from the SWIM database, a combination of approaches, taken from the 
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mitigation realm, will be considered to ascertain the overall “success” of these types of 
projects in the Tampa Bay area.   
2.1.5.1 Introduction to the Uniform Mitigation Assessment Method (UMAM) 
Since 2004, the Uniform Mitigation Assessment Method (UMAM) (Chapter 62-
345, F.A.C.) has been used throughout the state of Florida to evaluate any type of 
impact and determine the amount of mitigation required to offset adverse wetland and 
surface water impacts encountered through urban development (FDEP 2014).   
Using qualitative and quantitative components, an appraisal is completed via the 
UMAM on the area of interest.  The qualitative portion of the assessment form considers 
the ecological community’s former and current condition, hydrologic connection, 
uniqueness, location, and fish, wildlife, and public utilization of each project site (FDEP 
2014).  For the latter section, three categories are used to numerically score the degree 
of impairment on a scale of zero to 10, where 10 indicates minimal impairment and zero 
indicates a non-functioning system.  The first category, Location and Landscape 
Support, appraises the ecological relationship between the assessment area and the 
surrounding landscape.  The second, Water Environment, examines hydrologic 
alteration and water quality impairment.  The third category focuses on Community 
Structure, reviewing the vegetation and structural habitat within the assessment area 
(Bardi et al. 2005). 
The method provides a standardized procedure for evaluating the ecological 
functions provided by the created, restored, or enhanced wetlands and surface waters 
(FDEP 2014).  Final scoring results in a number between 0.00, non-functioning, and 
1.00, optimal habitat conditions.  Currently, wetlands with UMAM scores from 0.49 to 
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0.69 are considered to have some level of degradation and fees can be paid for 
impacting these areas.  However, wetlands with UMAM scores exceeding 0.70 cannot 
be destroyed due to their “overriding public benefit.” The result of the UMAM appraisal 
in this study will be used to describe projects on an individual level, with the ultimate 
goal of all project trajectories moving toward 1.00.  Restoration projects within the SWIM 
subset receiving a score of 0.70 or greater will, therefore, be deemed “successful.” 
2.1.5.2 Introduction to the Landscape Development Intensity (LDI) index 
The Landscape Development Intensity (LDI) index was developed by Brown and 
Vivas in 2005.  This index is used to determine the effect of human disturbance on 
wetland systems.  It is calculated spatially in a GIS framework using coefficients that are 
applied to delineated land use cover types within a watershed (Table 2.3, Brown and 
Vivas 2005).  In Florida, the primary land use cover type classification scheme used by 
government agencies is the Florida Land Use and Cover Classification System 
(FLUCCS), developed by the Department of Transportation.  The system is hierarchical 
and includes three broad classes, urban, agriculture, and natural, which are subdivided 
to a finer level of detail with increasing resolution (Brown and Vivas 2005). 
The LDI coefficients are correlated with the intensity of human activity within any 
given area based on non-renewable energy use, e.g. electricity, fuel, fertilizer, and 
pesticides.  The index reflects changes in environmental condition on the structure,  
process, and function of ecosystems (Reiss et al. 2014).  More natural area classes are 
lower on the LDI scale with a value closer to 1.0, while more intensive land use classes 
have values closer to 10.  Because land use and land cover data are now readily 
available, the speed and ease of LDI calculation is considered a “potentially viable rapid 
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assessment tool” (Stuber et al. 2016).  In this analysis, the LDI scoring will be calculated 
per the Brown and Vivas (2005) equation below and used as a tool to evaluate how the 
projects have affected the drainage basins in which they were implemented and the 
region overall.  Decreases noted in LDI where restoration has been completed would 
provide a marker of “success,” thus supporting restoration contributions within Tampa 
Bay.   
LDItotal = ∑%LUi * LDIi, 
Where,     
• LDItotal = LDI ranking for landscape unit 
• %LUi = percent of the total area of influence in land use i  
• LDIi = landscape development intensity coefficient for land use I    
 
2.2 Methods 
2.2.1 Project Selection and Delineation of Habitat Type and Extent 
The SWIM Program, along with it cooperators, has completed over 100 projects 
in Tampa Bay, accounting for approximately 60% of all restored lands (Figure 2.1).  For 
the purposes of this study, a subset of sites from this data set was selected based on 
size and year of construction completion.  Projects greater than four hectares were 
chosen due to their potentially significant impact within the area in which they were 
constructed.  Projects smaller than four hectares were not considered large enough to 
produce a notable influence.  Projects three years old or older had completed the initial 
maintenance phase and were, at a minimum, in the primary stages of becoming self-
sustaining. 
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Initially, 79 project sites were identified in the SWIM database as being 
constructed prior to or during 2013.  Forty-six of these sites were greater than or equal 
to four hectares in size.  Eight projects were eliminated due to access issues (i.e. 
constructed on a military base or currently under private ownership), one project record 
could not be located, and six projects, representing multiple phases of a project 
completed on one site within a short time frame (e.g. Emerson Point, Newman Branch,  
and Wolf Branch), were combined to form three project footprints.  The remaining 34 
projects were used for this study, represented multiple habitat types, and covered a 
span of 23 years, with the first being completed in 1990 and the last in 2013.  The sites 
accounted for approximately 50%, 967 hectares of the reported 1,821, of habitat 
restored by SWIM in Tampa Bay since 1989, when the first project was implemented 
(Figure 2.2).   
 The first phase of research involved collecting construction plans for the 
34 selected projects from SWFWMD record files.  The planting plan was extracted from 
each plan set and was then scanned and georectified in ESRI ArcGIS 10.3.1.  A 
geodatabase was created and habitat types indicated by the planting plan were digitized 
into corresponding feature classes for each project within the database. Natural color 
aerial imagery for the year closest to that of construction was obtained from SWFWMD 
and was used for project delineation.  Projects were digitized at ≤1:2,000 scale to 
accurately depict plan components.   
Project plan sets were verified against the aerial imagery and any field changes 
that were noted were accounted for in the digitized polygons.  All polygons within each 
feature class were merged at the completion of transcription and a boundary was 
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generated using the dissolve tool.  Appendix A displays each of the projects and their 
created habitat type polygons at the time of construction.  A total of 151 polygons 
symbolizing 16 habitat type classifications were generated for the 34 projects.  Table 
2.4 shows the 16 classifications and the corresponding habitat types from the 
“Restoring the Balance” and Master Plan documents.  Area encompassed by each 
habitat classification was tallied per type.  Planted native species were recorded from 
the plan sets and compiled in a spreadsheet for reference during the following field 
assessments to enable discernment of recruitment patterns.  Projects were then 
delineated by their corresponding drainage and sub-basin within the Tampa Bay 
watershed and cross-referenced by bay segment, to more readily measure their 
contribution toward restoration goals and to provide a basic footprint for mitigation tool 
calculations (Table 2.5). 
 
2.2.2 Individual Project Assessment Using UMAM Scoring 
The next phase of research employed the appraisal tools based on the UMAM.   
The UMAM was modified for this analysis in two ways.  First, instead of being compared 
to a reference site, restoration projects were scored based on their ability to progress 
from their state at initial completion to a self-sustaining, or requiring little to no 
maintenance, status.  Appraisal values concentrated on the apparent function of created 
wetlands, i.e. were they staging properly for the season or flushing as constructed and 
what was the recruitment extent of native and non-native plant species?  Second, one 
UMAM score was produced per restoration site.  Generally, one UMAM is conducted 
per habitat type within a site.  However, for the needs of this research, one score was to 
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be generated, referred to as the UMAMmod.  Appendix B contains the audit form that 
was used for each site and the field sheet that assisted with scoring determination.   
In-field habitat assessments of the restoration construction footprints were 
completed within the 6,863-hectare focal study area from February 2013 through 
August 2016 using the modified UMAM site audit forms.  To accomplish each 
assessment, project construction plans were loaded into a handheld Trimble GPS unit 
and the general information in Part I and Part II of the form was completed in-office on 
the day of assessment.  The project team traveled to each site, observing all accessible 
portions within the restored study area footprint.  Significant nearby land features, 
archaeological resources, public utilization, and evidence of wildlife were noted at each 
location.  Photos were taken to document zones of native and non-native vegetation 
recruitment and species information and percent cover was recorded.  The overall 
condition of each habitat type was also observed and any important deviation was 
logged on the form.   
After returning to the office, the project team discussed each project, using 
contemporary aerial imagery in GIS to more fully explore the site’s features and the 
surrounding landscape.  Scores were then assigned, on a scale from 1.0 to 10, to the 
Location and Landscape Support, Water Environment, and Community Structure 
parameters in Part III of the form, indicating the level of support and function provided 
by the assessment criteria in each category.  The three scores were then added 
together and divided by 30 to ascertain a total project score.  Water Environment was 
not considered for projects in which only upland habitat was created or enhanced.  
These projects received scores in the other two categories and were divided by 20.   
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2.2.3 Regional Project Assessment Using the LDI Index 
The final phase of research used the LDI index.  For the LDI calculations, the 
1990 and 2011 land use information, representing the earliest and latest available data 
for the period of restoration, was obtained from the SWFWMD land cover layer files.  
Attributes for these layers were categorized according to FLUCCS.  The tiered FLUCCS 
system of land cover categories ranged from general to specific (Vivas 2007).  Level I 
consisted of nine coarse classes, including Urban and Built-up, Agriculture, Rangeland, 
Upland Forest, Wetlands, Barren Land, Transportation/Communication/Utilities, and 
Special Classifications (FDOT 1999).  These classes were further subdivided into 
Levels II through IV gaining finer detail and increasing in resolution with each level.  
Comprehensive Level III FLUCCS data, which had been assigned corresponding LDI 
coefficients per Brown and Vivas (2005), were obtained from the Florida Department of 
Transportation and were joined to the SWFWMD land use layers within the Tampa Bay 
watershed, providing an LDI value for all existing land use types or habitats (Table 2.6).  
Since the restoration projects varied in size, the LDI index was calculated at 
multiple scales in an attempt to capture changes within the watershed.  At a coarser 
scale, the land use layer for 1990 and 2011 were initially clipped to the 11 drainage 
basins, identified previously, within the Tampa Bay watershed boundary.  The total area 
of each drainage basin was computed, along with the percentage of basin area 
allocated to each land use type, and LDI coefficients were applied to each land use.  
The 1990 land use layer data were used to represent pre-restoration conditions. 
Next, the restoration project footprints were erased from the 2011 land use layer 
and replaced with a polygon that was given a corresponding LDI coefficient of 1.0, or 
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natural area, to ensure all projects were captured for the post-restoration condition.  The 
LDI index score was calculated for each drainage basin for 1990 and for 2011, using the 
revised land use data, and the results were compared.  This effort was used to 
determine the percent change in landscape development over the 21-year period. 
 The 1990 land use layer was then clipped to the individual project footprints 
within each of the drainage basins in order to ascertain the pre-restoration land cover 
type that had been replaced by the restoration projects.  The pre-existing land cover 
type area was tallied by restoration project and by basin.   
Then, the drainage basins within the Tampa Bay watershed were fragmented 
into 456 smaller units, called sub-basins, per the 2004 US Geological Survey hydrologic 
unit maps (Figure 2.3).  Like FLUCCS, these maps are hierarchical in nature, dividing 
regions into sub-regions, basins, and sub-basins based on drainage features, such as 
the reach of a river and its tributaries.  Using the same process as that of the larger 
drainage basins, the LDI index was calculated for each sub-basin that contained a 
restoration project, pre- and post-restoration, and the values were compared for any 
notable differences.  
The final step involved calculating the LDI for each individual restoration project 
footprint.  A 100 and 200-meter buffer was created around each project and the total 
area of all land use types outside of the project footprint were computed in addition to 
the percentage each land use type contributed.  Again, using the LDI coefficient for the 
appropriate FLUCCS code, an LDI index score was tabulated for each buffer distance.  
The data were tested for normality and a Pearson correlation coefficient was then 
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calculated using the LDI and UMAMmod score for each project to determine if there was 
an association between the two variables. 
 
2.3 Results 
2.3.1 Habitat Type and Extent 
The 34 projects ranged in size from 3.0 to 225.2 hectares (Table 2.7).  Nine of the 
selected projects were completed in the 1990s, 20 projects in the 2000s, and five in the 
2010s. Four sites represented primarily freshwater habitat, while 10 were estuarine, 
seven were upland, and the remaining 13 were a mixture of multiple habitat types, or 
mosaics. Projects completed in the 1990s averaged 13.5 hectares, the 2000s averaged 
36.8 hectares, while the 2010s averaged 22 hectares, demonstrating that projects 
completed in the 2000s were generally larger than those completed before or after this 
time frame.  
The 34 restoration projects created and enhanced upland communities over 
622.7 hectares during the 23-year period.  Estuarine habitat restoration was established 
at a greater rate than freshwater systems, yielding 197.1 hectares and 124.8 hectares, 
respectively.  On a finer scale, the analysis identified 120.9 hectares of salt marsh, 71.2 
hectares of non-forested freshwater marsh, 5.6 hectares of forested freshwater marsh 
creation, 19.3 hectares of mangrove enhancement and preservation, and the formation 
of 0.3 hectares of salt barren (Figure 2.4). 
Restoration occurred in each of the bay segments identified in “Restoring the 
Balance.”  When compared to the target habitat extents for each bay segment, 
substantial strides were made in four of the seven segments (Table 2.8).  Over 100% of 
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the tidal marsh target was achieved for Terra Ceia Bay, with the creation of 2.4 
hectares.  Lower Tampa Bay, Hillsborough Bay, and Old Tampa Bay established tidal 
marsh coverages relating to 59.8%, 39.82%, and 27.5% of target goals, respectively.  
Only the Old Tampa Bay segment realized any salt barren restoration, though it was 
associated with a mere 0.86% of the target identified for this area.  All bay segments 
received the benefit of marsh/mangrove creation and protection. 
The SWIM restoration effort created 120 hectares of what would be considered 
low salinity marsh habitat.  Using the 23-year study period, 26.1 hectares were created 
every five years, accounting for 64% of the goal outlined by the SWIM Plan for Tampa 
Bay.  Additionally, per the plan’s salt barren target, SWIM projects were credited with 
achieving 0.5% of the goal for this habitat type. 
Collectively, the 34 projects in this study produced 194 hectares of saltmarsh 
habitat, or 25% of the 2010 TBEP Habitat Master Plan targets (Table 2.9).  Again, only 
a small fraction, 0.1% of the increased goal for salt barren was attained.  Slight gains 
were also reached in achieving the new forested and non-freshwater wetland targets, 
0.9% and 1.7%, respectively. 
 
2.3.2 UMAM Scores 
The UMAMmod scores ranged from a low of 0.45 to 0.80 at the highest end (Table 
2.10).  The overall average project score was 0.64.  Estuarine projects faired the best 
over time with an average score of 0.68, followed by freshwater with 0.64, mixed or 
mosaic with 0.63, and upland with a score of 0.62.  Older projects, completed in the  
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1990s, produced an average score of 0.67, while the 2000s and 2010s lagged slightly 
behind with average scores of 0.65 and 0.59, respectively. 
The average Location and Landscape Support category score was 6.4.  Eight 
projects had low scores and displayed a range from 3.0 to 5.0.  The eight projects with 
the highest scores all received a score of 8.0.  All four of evaluated sites in Pinellas 
County were assigned a score of 5 or less, given the level of urbanization in this area. 
The location considered the extent to which fish and wildlife have the opportunity to 
utilize the assessment area as well as access other habitats to fulfill their life history 
requirements (Bardi et al. 2005).  Since there are significant barriers limiting wildlife 
movement and some habitat types are not available or lack connections to the 
landscape in highly urbanized locales, the overall value of the functions provided by the 
assessment area is reduced (Bardi et al. 2005). 
The Water Environment category scores ranged from 5.0 to 8.0 and had an average 
score of 6.9.  Scoring was generally good, providing, on average, 70% of optimal habitat 
conditions across all project types.  The assessed value in this category considered the 
quantity of water received in the assessment area regarding flow, timing, frequency, and 
inundation and saturation characteristics (Bardi et al. 2005).  Water quality and quantity 
within the overall restoration sites appeared to be appropriate compared to natural 
variation.  The unrestored ditched areas on some projects still impact native flow 
patterns, adversely affecting landscape properties or wildlife functions to some extent 
(Bardi et al. 2005).  
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The Community Structure category provided the greatest level of information for 
this analysis.  Scores ranged from 3.0 to 8.0, producing an average of 6.2.  This 
category was primarily driven by native and exotic/invasive plant coverage on each site.   
Twenty-four of the 34 sites (71%) developed native plant recruitment and coverage over 
>80% of the site.  Three sites (9%) experienced 50-80% native recruitment, three (9%) 
had 25-50%, and four (12%) had 5-25%.  Conversely, 21 (62%) of the sites recorded 
exotic or invasive plant species recruitment over >5% of the project area (Figure 2.5).  
Five sites (15%) documented 5-25% cover, one site (3%) established 25-50% cover, 
five sites (15%) had 50-80%, and two sites (6%) had >80% coverage of undesirable 
species within the restoration footprint.    
Table 2.11 depicts the primary native and exotic/invasive plant species 
encountered at the project sites.  Schinus terebinthifolius (Brazilian pepper) was the 
most commonly recorded exotic species, found at 53% of the restoration locations.   
 Panicum maximum (Guinea grass) was another principal invader, documented on 35% 
of the sites.  Typha spp. (cattails), Sesbania punicea (rattlebox), and Lantana camara 
(lantana) were also noted at 29%, 29%, and 24% of the sites, respectively. 
Eleven of the 34 projects (32%) had assessed values corresponding to the 
production of ≥70% of optimal habitat conditions.  Twenty of the projects (59%) 
produced values relating to >50% but <70% of achieved optimal fitness.  Only three 
projects, equaling less than 1% of the total, generated scores demonstrating minimal 
habitat suitability, <50%.  Appendix C contains the completed field sheets for Part III, 
demonstrating how the categories scores were determined. 
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2.3.3 LDI Index  
Restoration was completed in nine of the 11 drainage basins with the Tampa Bay 
watershed.  When considering the LDI coefficients of the previous land uses for the 
project footprints, 554.2 hectares of the 967 restored provided a notable positive shift in 
ecosystem land use types (Table 2.12).  Shrub, brushland, and rangeland characterized 
the primary land use conversion, encompassing 211.9 hectares.  The most impactful 
land uses, with an LDI coefficient of ~5.0 or greater, accounted for 98.2 hectares of the 
restored land footprint.  The remaining 412.8 hectares of restored property included 
more “natural” habitat types with LDI coefficients of ≤ 2.0.  These habitats included a 
variety of upland forest types, wetlands and marshes, and streams and waterways. 
The LDI for 1990 land use within the Tampa Bay watershed averaged 4.7, while 
the 2011 score averaged 5.2 across all drainage basins (Figure 2.6).  This change 
represented a 12.6% increase in land use types that required additional inputs of non-
renewable energy.  The most notable change occurred in the residential FLUCCS code 
areas.  Low density residential increased by 2,407 hectares, medium density residential 
increased by 1,540 hectares, and high density residential increased by 6,049 hectares. 
Both commercial and industrial areas also showed increases of 1,555 hectares and 
1,147 hectares, respectively.  Additionally, golf courses contributed to 1,757 hectares in 
the 2011 land use map and was not represented in the 1990 map.   
Restoration was completed in 18 of the 465 sub-basins within the 11 drainage 
basins.  The three sub-basins that experienced the greatest benefit from restoration 
were Cockroach Bay, Direct Runoff to Bay (Coastal Hillsborough and Middle Tampa 
Bay), and Wolf Branch (Table 2.13).   The Cockroach Bay sub-basin showed a 12% 
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improvement, the Direct Runoff to Bay sub-basin showed a 14% improvement, and the 
Wolf Branch sub-basin showed a 12% improvement, demonstrating a decrease in 
human disturbance.  The Big Bend Bayou sub-basin also noted a reduction in LDI by 
0.1, reflecting a 2% improvement.   Half of the remaining sub-basins displayed small 
scale declining conditions between 1% and 4%, while the other seven experienced 
more significant declines of 8% to 28%, resulting from increased anthropogenic activity. 
Project level LDI index scores ranged from 1.15 to 6.14 for the 100-meter buffer 
and 1.18 to 6.54 for the 200-meter buffer (Table 2.14).  The Pearson correlation 
coefficient for the 100 meter LDI’s was significant (at α = 0.05) with a moderate negative 
correlation (r = -0.34) when related to the UMAMmod scores for each project (Figure 2.7).  
The 200 meter LDI’s also demonstrated significance (at α = 0.025), but maintained a 
moderate negative correlation (r = -0.38). 
 
2.4 Discussion 
This study reviewed the type, size, and overall effectiveness of just over one 
quarter of all restoration projects ever completed within the Tampa Bay watershed using 
the rapid and uncomplicated nature of a suite of GIS geoprocessing tools and two 
mitigation reporting methodologies.  The two main themes that emerged from this 
process revealed; 1) more accurate and detailed reporting of restoration efforts can be 
accomplished with minimal effort and 2) most of the projects that have been 
implemented are on a positive, self-sustaining trajectory. 
Results from the 2006 CCMP, reported that more than 153 hectares of salt 
marsh habitat was restored over the 1995-2001 period (TBEP 2006).  This estimate far 
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surpassed the original goal of 40.5 hectares every five years (TBEP 2006).  The current 
analysis shows that since 2001, an additional 616 hectares of restoration has been 
completed by SWIM.  These projects accounted for 89.5 hectares of salt marsh 
creation, which indicates that the salt marsh creation goal is still being met per the 
original CCMP targets.  In 2015, one of the largest ecosystem restoration projects ever 
attempted in Tampa Bay, Rock Ponds, was completed.  This project incorporated 161 
hectares of wetland, primarily estuarine salt marsh, and 261 hectares of coastal upland 
habitat.  With the implementation of the Rock Ponds project, the original habitat 
restoration metric for salt marsh will still be met for decades to come. 
This study identified a woeful lack in salt barren restoration.  The original metric 
established in the 1999 SWIM Plan for Tampa Bay was 61 hectares, though no specific 
time frame was noted.  However, only 0.3 hectares were delineated as being created in 
the 34 focal projects, making the increased goal of 334 hectares appear unachievable.   
While SWIM alone is making great strides in restoring ecologically important 
habitats in Tampa Bay, meeting restoration targets, other than salt marsh habitat, will be 
challenging from this point forward, given the volume of anthropogenic activity occurring 
in the Tampa Bay watershed.  Movement toward public-private partnerships is 
becoming even more significant, as publicly owned land near the coastline disappears. 
New projects will likely be constructed farther from the bay, reducing the amount of salt 
marsh and salt barren habitat that can be created.  These projects would be successful, 
however, at working toward the newly established freshwater goals for the bay region.   
The UMAMmod assessment is planned to continue on an approximately three- 
year rotation to enable evaluation of project health, noting its improvement or 
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degeneration from the last appraisal. This method appears to provide the ability to 
compare projects of different types, e.g. freshwater versus estuarine, offering a 
snapshot of hydrologic function and native and exotic/invasive plant recruitment. The 
distribution of plant communities throughout the assessed landscape can be used as 
indicators to determine the degree to which the functions of the different identified 
community types are being provided (Bardi et al. 2005).  
As noted by Moreno-Mateos et al. (2012), vertebrate assemblages in restored 
wetlands can return within a five-year period, mimicking reference sites.  However, plant 
assemblages, biological, and biogeochemical recovery can take over 100 years to 
become fully functional and provide all the ecosystem services as undisturbed wetlands.  
With this in mind, perfect scores of 10 were not expected in the UMAMmod category 
results. 
Two of the noted sub-optimal projects, Terra Ceia Uplands Phase I and Davis 
Tract, were constructed in 2002 and were primarily coastal upland restoration projects, 
though the Davis Tract also offered some estuarine habitat.  Upland habitat types 
require significant maintenance input for the first several years’ post-restoration to 
combat exotic and invasive plant species that can outcompete the native species.  
These sites clearly lacked proper management in their early stages of recovery and are 
currently in need of an intervention.   
The other project that received a sub-optimal score was the Clam Bayou Phase 3 
project in Pinellas County.  Pinellas County largely produced lower Location and 
Landscape Support values than the sites located in Hillsborough or Manatee County, 
due to the degree of urbanization, thus impacting the overall UMAMmod scores.  Clam 
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Bayou was otherwise moderately healthy, but overall success will be limited due to 
being surrounded on three sides by urban development.   
Projects like Clam Bayou will continue to be pursued, despite the issues 
encountered at this location.  Reiss (2006) suggested that despite urban wetlands’ 
compromised biological integrity due to lower diversity, fewer native flora species, 
presence of exotic and invasive species, and the impacted quality of water and soil, a 
wetland displaying 30-70% of the biological integrity found in natural wetlands still 
provides important ecosystem services such as retention of stormwater runoff and 
environmental pollutants, and conversion of nutrients. 
The LDI results demonstrated a positive response where restoration had been 
undertaken.  On a large, coarse scale, such as the basin level, project influence was 
masked by the abundance of increased human disturbance during the 11-year period of 
land use and land cover used in this study.  A decrease in LDI was, however, 
discernable in 22% of sub-basins that contained a project, which was generally 
attributed to the large size of the projects within the smaller sub-basin footprint. 
Calculated LDI scores at the project level provided some insight into the anthropogenic 
pressures imposed on the constructed ecosystems at each site.  Forecasting these 
scores using projected future land use data will offer project managers the ability to 
recognize threats early and adaptively manage for them. 
Brown and Vivas discovered that LDI explains a significant proportion of 
ecological variability in wetland systems (Kutcher 2013).  This method can be used at a 
number of scales and has been used in Ohio (Mack 2006) and California (Stein et al. 
2009) for validation of other wetland assessment methods and in Florida (Reiss 2006) 
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to calculate the potential lift offered by mitigation banks.  The benefits of using the LDI 
index as a measure of human disturbance is that it provides a means of remote GIS-
based assessment of habitat condition and produces an objective, repeatable measure 
of the rate of human disturbance (Reiss 2010). 
Correlative relationships between the proportion of disturbed land use classes 
and community structure have been used to estimate the extent to which biological 
integrity is disrupted and this is accounted for in both the LDI and UMAM scoring 
(DeKeyser et al. 2009, Houlahan et al. 2006, Lopez and Fennessy 2002, Reiss and 
Brown 2007).  Previous studies focused on mitigation efforts and discovered a stronger 
association between the two values than found here.  In this study, even with the 
modifications to the standard methodology, a moderate correlation was found between 
LDI and UMAMmod.  The negative correlation suggests that overall the restoration 
projects are well placed within the landscape of the Tampa Bay watershed and this 
information can be used to site future projects for the most successful outcome.   
 
2.5 Conclusion 
Monitoring restoration projects serves as an initial step in evaluating overall 
project effectiveness (Bash and Ryan 2002).  Restoration ecologists strive for long-term 
outcomes that require no more maintenance than comparable unaltered habitats 
(Montoya et al. 2012).  Montoya et al. (2012) state that “restoration studies increasingly 
assess diversity, vegetation structure, and function…, [but] what are ideally needed are 
simple, straightforward assays that provide information on the efficacy of ecosystem 
functions and thereby provide a benchmark of restoration progress.” 
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Florida has one of the highest rates of conversion of rural to urban land use in 
the country, with anthropogenic activities producing impacts on the viability of adjacent 
restored communities (Reynolds 2001, Stuber et al. 2016).  The link between these 
disturbances and altered ecological processes are of particular interest in the Tampa 
Bay region, given the landscape position of projects relative to adjacent degrading land 
uses (Stuber et al. 2016).  Returning the full structure and function within these restored 
areas may be an impossible goal given the current and projected future human 
development activities within the watershed (Reiss et al. 2014).    
At present, however, restoration activities appear to be keeping pace with the 
original goals outlined by the TBEP CCMP for this region, though these targets are 
evolving with the changing landscape.  Estuarine based projects, unsurprisingly, have 
been and will continue to be the most successful restored project type due to the salty 
conditions under which most intruders cannot survive.  Coastal upland projects 
emerged in this study as being the least successful of all projects implemented.  With 
some management adaptations that provide longer maintenance periods, it is believed 
that these projects can reach a sustainable level over time and thrive. 
Assessments are needed to continually monitor progress, but must be rapid in 
nature due to constraints on time and funding available for natural resource 
professionals.  The methods in this study are relatively simple, requiring some basic 
plant knowledge, and do not demand an exorbitant amount of time to complete.  Land 
Development Impact indices can be quickly calculated at the desktop and may assist in 
planning future restoration projects, locating them where they are most needed.  While 
LDI provides a useful tool in assessing the general condition of an area, it is unable to 
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detect problems associated with non-native plant species or dysfunctional hydrology 
until it is likely too late for corrective measures, thus requiring some measure of field 
investigation, like the UMAMmod.  These methodologies may be modified for long-term 
use, but at least provide a starting point from which to grow. 
Today, Tampa Bay boasts an incredible 4,500 acres of seagrass and extents of 
this resource comparable to that of the 1950s (SWFWMD 2014).  This, in some respect, 
is due to the local and regional project partners, including the SWIM Program, working 
in the bay to restore degraded natural systems, enhance existing systems, and promote 
the preservation of native habitats.  Future research efforts could expand on this 
analysis by documenting how the projects are changing over time spatially, perhaps 
converting from the designed habitat type to another habitat type.  Additionally, LDI 
scores projected forward providing inferences concerning the point at which human 
disturbance will outpace restoration efforts. 
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Table 2.1. Emergent tidal wetland targets by bay segment from “Restoring the Balance” 
paradigm (Lewis et al. 1995). 
 
 
*SB = Site-based opportunity to restore this habitat type. 
 
 
 
 
 
 
 
 
 
 
Bay Segment  Marsh/Mangrove (ha) 
Tidal Marsh 
(ha) 
Salt Barren 
(ha) 
Boca Ciega Bay Protection 454 34 0 
 Restoration SB 50 2 
Hillsborough Bay Protection 304 202 5 
 Restoration SB 28 19 
Lower Tampa Bay Protection 880 157 38 
 Restoration SB 57 2 
Manatee River Protection 200 507 4 
 Restoration SB 93 0.4 
Middle Tampa Bay Protection 2,048 298 216 
 Restoration SB 354 SB 
Old Tampa Bay Protection 1,397 465 59 
 Restoration SB 78 38 
Terra Ceia Bay Protection 288 2 2 
 Restoration SB 2 SB 
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Table 2.2. Habitat restoration targets from the original SWFWMD SWIM Plan for Tampa 
Bay (SWFWMD 1999) and the revised targets included in the TBEP Habitat Master 
Plan Update (TBEP 2010) and the Freshwater Wetland Master Plan (TBEP 2014). 
 
Original Targets (1999) Revised Targets (2010) Present Targets (2014) 
Restoring a minimum of 41 
hectares of low-salinity tidal 
marsh every five years, for a 
total increase over time of 
728 hectares 
Restoring 776 hectares 
of saltmarsh habitat 
Restoring 776 hectares 
of saltmarsh habitat 
Protecting and enhancing 
the bay’s mangrove and salt 
marsh communities which 
total nearly 5,665 hectares 
Preserving the bay’s 
6,126 hectares of 
mangrove habitat 
Preserving the bay’s 
6,126 hectares of 
mangrove habitat 
Restoring 61 hectares of salt 
barren habitat over time 
Restoring 339 hectares 
of salt barren habitat 
Restoring 339 hectares 
of salt barren habitat  
NA NA 
Restoring 653 hectares 
of forested freshwater 
wetlands and 6,915 
hectares of non-forested 
freshwater wetlands 
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Table 2.3.  Land use cover types and associated LDI coefficients (Brown and Vivas 2005). 
Land Use Landscape Development Intensity (LDI) 
Natural Open water 1.00 
Woodland Pasture 2.02 
Pasture 2.77 
Low Intensity Pasture (with livestock) 3.41 
Citrus 3.68 
High Intensity Pasture (with livestock) 3.74 
Row crops 4.54 
Single Family Residential (Low-density) 6.79 
Recreational / Open Space (High-intensity) 6.92 
High Intensity Agriculture 7.00 
Single Family Residential (Med-density) 7.47 
Single Family Residential (High-density) 7.55 
Low Intensity Highway 7.81 
Low Intensity Commercial 8.00 
Institutional 8.07 
Industrial 8.32 
Low Intensity Multi-family residential 8.66 
High Intensity Multi-family residential 9.19 
High Intensity Central Business District 10.00 
 
 
 
 
 
 
 
56 
 
Table 2.4. Delineated habitat types and corresponding habitat types per the TBEP “Restoring the Balance” and Master 
Plan documents. 
 
Delineated Project Habitat Types Restoring the Balance 
Habitat and Freshwater 
Wetland Master Plan 
Estuarine High Marsh Tidal Marsh 
Saltmarsh Estuarine Low Marsh 
Estuarine Open Water 
Marsh/Mangrove Mangrove Enhancement Mangrove 
Mangrove Preserve 
Palustrine Forested High Marsh 
 
 
Excluded 
 
 
 
Forested Freshwater Marsh 
Palustrine Forested Low Marsh 
Palustrine High Marsh 
Non-forested Freshwater 
Marsh 
Palustrine Low Marsh 
Palustrine Open Water 
Ephemeral Palustrine Low Marsh 
Salt Barren Salt Barren Salt Barren 
Coastal Upland Creation and Enhancement 
Excluded 
  
  
Coastal Upland Enhancement 
Riprap 
Dune 
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Table 2.5. Tampa Bay watershed drainage basins, sub-basins, and corresponding bay 
segments. 
 
Drainage Basin Sub-basins Bay Segment Area (ha) 
Alafia River  Hillsborough Bay 1,093 
Coastal Hillsborough Bay Bullfrog Creek Hillsborough Bay 478 
 Direct Runoff to Bay   
Coastal Middle Tampa Bay Big Bend Bayou Middle Tampa Bay 486 
 Cockroach Bay   
 Direct Runoff to Bay   
 Newman Branch   
 Wolf Branch Cutoff Canal   
 Wolf Branch   
Coastal Old Tampa Bay Allen Creek Old Tampa Bay 874 
 Alligator Creek   
 Direct Runoff to Bay   
Hillsborough River Flint Creek Hillsborough Bay 1,748 
Little Manatee River Little Manatee River Middle Tampa Bay 579 
Manatee River Manatee River Below Dam Manatee River 930 
Terra Ceia Bay Terra Ceia Bay Terra Ceia Bay 44 
Lower Boca Ciega Bay  Boca Ciega Bay 68 
Upper Boca Ciega Bay Clam Bayou Drain Boca Ciega Bay 224 
 Direct Runoff to Gulf   
 St Joe Creek   
Coastal Lower Tampa Bay Direct Runoff to Bay Lower Tampa Bay 339 
 Frog Creek   
 Terra Ceia Bay   
   Total 
6,863 
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Table 2.6. FLUCCS code and LDI coefficient for land uses in the Tampa Bay 
watershed. 
FLUCCS Code Description LDI 
4100 UPLAND CONIFEROUS FOREST 1.0 
4110 PINE FLATWOODS 1.0 
4120 LONGLEAF PINE - XERIC OAK 1.0 
4200 UPLAND HARDWOOD FORESTS - PART 1 1.0 
4340 HARDWOOD CONIFER MIXED 1.0 
5100 STREAMS AND WATERWAYS 1.0 
5200 LAKES 1.0 
5400 BAYS AND ESTUARIES 1.0 
5720 GULF OF MEXICO 1.0 
6100 WETLAND HARDWOOD FORESTS 1.0 
6110 BAY SWAMPS 1.0 
6120 MANGROVE SWAMPS 1.0 
6150 STREAM AND LAKE SWAMPS (BOTTOMLAND) 1.0 
6200 WETLAND CONIFEROUS FORESTS 1.0 
6210 CYPRESS 1.0 
6300 WETLAND FORESTED MIXED 1.0 
6410 FRESHWATER MARSHES 1.0 
6420 SALTWATER MARSHES 1.0 
6430 WET PRAIRIES 1.0 
6440 EMERGENT AQUATIC VEGETATION 1.0 
6520 SHORELINES 1.0 
6530 INTERMITTENT PONDS 1.0 
7100 BEACHES OTHER THAN SWIMMING BEACHES 1.0 
7200 SAND OTHER THAN BEACHES 1.0 
4400 TREE PLANTATIONS 1.6 
6600 SALT FLATS 1.6 
1900 OPEN LAND 1.9 
2600 OTHER OPEN LANDS <RURAL> 2.1 
3100 HERBACEOUS 2.1 
3200 SHRUB AND BRUSHLAND 2.1 
3300 MIXED RANGELAND 2.1 
2100 CROPLAND AND PASTURELAND 3.5 
1800 RECREATIONAL 4.1 
2200 TREE CROPS 4.1 
2400 NURSERIES AND VINEYARDS 4.1 
2500 SPECIALTY FARMS 4.1 
5300 RESERVOIRS 4.1 
7400 DISTURBED LAND 4.1 
2140 ROW CROPS 4.6 
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Table 2.6. (Continued) 
FLUCCS Code Description LDI 
2300 FEEDING OPERATIONS 5.2 
2550 TROPICAL FISH FARMS 5.2 
1100 RESIDENTIAL LOW DENSITY < 2 DWELLING UNITS 6.8 
1820 GOLF COURSES 6.9 
1200 RESIDENTIAL MED DENSITY 2->5 DWELLING UNIT 7.6 
8100 TRANSPORTATION 7.8 
1400 COMMERCIAL AND SERVICES 8.0 
1700 INSTITUTIONAL 8.1 
1500 INDUSTRIAL 8.3 
1600 EXTRACTIVE 8.3 
1650 RECLAIMED LAND 8.3 
8200 COMMUNICATIONS 8.3 
8300 UTILITIES 8.3 
1300 RESIDENTIAL HIGH DENSITY 8.7 
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Table 2.7. Habitat type and extent of the 34 restoration projects in this study. 
 
Project Name 
Primary 
Restoration 
Type 
Year 
Project 
Size 
(ha) 
Drainage 
Basin 
E.G. Simmons Park Estuarine 1990 5.7 Coastal Middle Tampa Bay 
Cockroach Bay 1B2 Estuarine 1996 5.2 Coastal Middle Tampa Bay 
Cockroach Bay 1A1 Estuarine 1997 14.2 Coastal Middle Tampa Bay 
Cockroach Bay 1B1 Estuarine 1997 7.4 Coastal Middle Tampa Bay 
Emerson Point Phases 1 and 3 Estuarine 1998 5.6 Tera Ceia Bay 
Coopers Point Mosaic 1999 4.4 Coastal Old Tampa Bay 
Cockroach Bay 1A2 Estuarine 1999 11.2 Coastal Middle Tampa Bay 
Cockroach Bay Uplands Phase 1 Upland 1999 30.0 Coastal Middle Tampa Bay 
Lake Thonotosassa Freshwater 1999 37.9 Hillsborough River 
Palmetto Estuary 1 Estuarine 2000 4.5 Manatee River 
Wolf Branch Creek 1 and 2 Mosaic 2001 225.2 Coastal Middle Tampa Bay 
Terra Ceia Uplands 2 Upland 2002 11.7 Coastal Lower Tampa Bay 
Terra Ceia Uplands 1 Upland 2002 48.4 Coastal Lower Tampa Bay 
Davis Tract Mosaic 2002 25.8 Coastal Hillsborough Bay 
Tappan Mosaic 2003 5.3 Coastal Old Tampa Bay 
Joe's Creek School Site Mosaic 2003 5.6 Upper Boca Ciega Bay 
North Apollo Beach Mosaic 2004 14.6 Coastal Middle Tampa Bay 
Cockroach Bay Freshwater Wetlands Freshwater 2004 14.6 Coastal Middle Tampa Bay 
Schultz Preserve Mosaic 2004 46.9 Coastal Hillsborough Bay 
Lancaster Tract Mosaic 2005 3.0 Coastal Old Tampa Bay 
Cockroach Bay Braided Tidal Creek Estuarine 2005 6.6 Coastal Middle Tampa Bay 
Cockroach Bay Uplands Phase 2 Upland 2005 9.0 Coastal Middle Tampa Bay 
Kapok Park Freshwater 2005 13.2 Coastal Old Tampa Bay 
Gateway Tract Estuarine 2005 48.8 Coastal Old Tampa Bay 
Newman Branch Phases 1 and 2 Mosaic 2006 3.3 Coastal Middle Tampa Bay 
Terra Ceia Uplands 3 Upland 2006 119.7 Coastal Lower Tampa Bay 
Terra Ceia Uplands 4 Upland 2007 27.0 Coastal Lower Tampa Bay 
Terra Ceia Wetlands Mosaic 2007 55.8 Coastal Lower Tampa Bay 
Robinson Preserve 1 Estuarine 2008 46.3 Coastal Lower Tampa Bay 
Ekker Property Freshwater 2010 10.2 Coastal Hillsborough Bay 
Lost River Preserve Mosaic 2011 8.8 Little Manatee River 
Terra Ceia Uplands 6 Upland 2011 64.7 Coastal Lower Tampa Bay 
Clam Bayou Phase 3 Mosaic 2012 13.0 Upper Boca Ciega Bay 
Perico Preserve Mosaic 2013 13.3 Coastal Lower Tampa Bay 
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Table 2.8. SWIM restoration related to “Restoring the Balance” targets. 
 
Bay Segment 
Marsh 
Mangrove 
Target 
Marsh 
Mangrove 
Created 
Tidal 
Marsh 
Target 
Tidal 
Marsh 
Created 
% 
Goal  
Salt 
Barren 
Target 
Salt 
Barren 
Created 
% 
Goal  
Boca Ciega Bay SB 1.5 50 4.5 9.0 2.0 0.0 0.0 
Hillsborough Bay SB 10.9 28 11.1 39.8 19.0 0.0 0.0 
Lower Tampa Bay SB 35.9 57 34.1 59.8 2.0 0.0 0.0 
Manatee River SB 1.2 93 2.3 2.5 0.4 0.0 0.0 
Middle Tampa Bay SB 18.7 354 44.6 12.6 SB 0.0 NA 
Old Tampa Bay SB 23.5 78 21.5 27.5 38.0 0.3 0.9 
Terra Ceia Bay SB 1.4 2 2.4 118.5 SB 0.0 NA 
 
*SB = Site-based opportunity to restore this habitat type. 
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Table 2.9. SWIM restoration as related to TBEP Habitat and Freshwater Wetland 
targets. 
Habitat Type Target (ha) 
SWIM Projects 
1990-2013       
(ha) 
Percent of 
Target 
Saltmarsh 776 194 25.0% 
Mangrove 0 19 NA 
Salt Barren 339 0.3 0.1% 
Forested Freshwater Wetland 653 6 0.9% 
Non-forested Freshwater Wetland 6,915 119 1.7% 
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Table 2.10.  Restoration project UMAMmod scores. 
 
Project Name 
Assessment 
Date 
Location 
and 
Landscape 
Support 
Water 
Environment 
Community 
Structure 
Total 
Score 
E.G. Simmons Park 7/25/2016 7.00 7.00 6.00 0.67 
Cockroach Bay 1B2 8/23/2013 6.00 8.00 7.00 0.70 
Cockroach Bay 1A1 8/23/2013 8.00 8.00 7.00 0.77 
Cockroach Bay 1B1 8/23/2013 6.00 6.00 5.00 0.57 
Emerson Point Phases 1 and 3 7/26/2013 6.00 7.00 7.00 0.67 
Coopers Point 8/18/2016 7.00 8.00 7.00 0.73 
Cockroach Bay 1A2 8/23/2013 8.00 7.00 7.00 0.73 
Cockroach Bay Uplands Phase 1 8/23/2013 8.00 NA 4.00 0.60 
Lake Thonotosassa 7/11/2013 5.00 7.00 5.00 0.57 
Palmetto Estuary 1 5/16/2014 5.00 7.00 6.00 0.60 
Wolf Branch Creek 1 and 2 8/25/2016 5.00 7.00 6.00 0.60 
Davis Tract 7/25/2016 6.00 5.00 4.00 0.50 
Terra Ceia Uplands 1 8/9/2013 6.00 NA 3.00 0.45 
Terra Ceia Uplands 2 8/9/2013 7.00 NA 8.00 0.75 
Joe's Creek School Site 6/27/2014 6.00 7.00 6.00 0.63 
Tappan  4/26/2013 6.00 7.00 8.00 0.70 
Cockroach Bay FW Wetlands 8/23/2013 8.00 8.00 8.00 0.80 
North Apollo Beach  4/12/2013 6.00 7.00 7.00 0.67 
Schultz Preserve 3/22/2013 6.00 6.00 5.00 0.57 
Cockroach Bay Braid Tidal Creek 8/23/2013 8.00 7.00 8.00 0.77 
Gateway Tract 5/31/2013 4.00 7.00 7.00 0.60 
Kapok Park 5/9/2014 5.00 7.00 7.00 0.63 
Lancaster Tract 4/19/2013 4.00 7.00 6.00 0.57 
Cockroach Bay Uplands Phase 2 4/19/2013 8.00 NA 4.00 0.60 
Newman Branch Phases 1 and 2 4/18/2014 7.00 6.50 6.50 0.67 
Terra Ceia Uplands 3 8/9/2013 8.00 NA 4.00 0.60 
Terra Ceia Wetlands 8/9/2013 7.50 7.50 6.63 0.72 
Terra Ceia Uplands 4 8/9/2013 8.00 NA 7.00 0.75 
Robinson Preserve 1 2/22/2013 7.00 8.00 8.00 0.77 
Ekker Property 8/21/2015 5.00 6.00 6.00 0.57 
Lost River Preserve  8/25/2016 6.00 7.00 7.00 0.67 
Terra Ceia Uplands 6 7/25/2016 7.00 NA 5.00 0.60 
Clam Bayou Phase 3 8/18/2016 3.00 6.00 6.00 0.50 
Perico Preserve 7/25/2016 7.00 6.00 6.00 0.63 
Average Score  6.37 6.93 6.18 0.64 
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Table 2.11. Primary plant species encountered at project sites. 
 
 
 
 
 
 
 
 
 
 
 
Native Plant Species Exotic/Invasive Plant Species 
Common Name Scientific Name Common Name Scientific Name 
Bushy broom sedge Andropogon glomeratus Balsam apple Momordica charantia  
Mangrove spp. Avicennia, Laguncularia, Rhizophora spp. Carrotwood Cupaniopsis anacardioides 
Saltbush Baccharis halimifolia  Australian pine Casuarina equisetifolia 
Saltwort Batis maritima Brazilian pepper Schinus terebinthifolius 
Sea oxeye daisy Borrichia frutescens Cattails Typha spp. 
American beautyberry Callicarpa americana Guinea grass Panicum maximum 
Buttonwood Conocarpus erectus Cogon grass Imperata cylindrica 
Tickseed Coreopsis spp. Rattlebox Sesbania punicea 
Shoalgrass Halodule wrightii Primrose willow Ludwigia spp. 
Wax myrtle Myrica cerifera Rosary pea Abrus precatorius 
Salt marsh fleabane Pluchea odorata Natal grass Melinis repens 
Painted leaf Poinsettia cyathophora Air potato Dioscorea bulbifera 
Pickerel weed Pontederia cordata  Punk tree Melaleuca quinquenervia 
Duck potato Sagittaria spp. Lead tree Leucaena leucocephala 
Glasswort Salicornia virginica Hyacinth Eichhornia crassipes 
Carolina willow Salix caroliniana Alligator weed Alternanthera philoxeroides 
Sea Purslane Sesuvium portulacastrum Torpedo grass Panicum repens 
Cordgrass  Spartina spp. Giant duckweed Spirodela polyrhiza 
Hairy cowpea Vigna luteola  Lantana Lantana camara 
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Table 2.12. Land use area restored to natural condition and associated LDI coefficient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Previous Land Use Area (ha) 
LDI 
coefficient 
Open Land 77.2 1.9 
Shrub, Brushland, and Rangeland 211.9 2.1 
Cropland and Pastureland 136.4 3.5 
Disturbed Land 6.0 4.1 
Recreational 0.7 4.1 
Reservoirs 23.9 4.1 
Row Crops 52.0 4.6 
Tropical Fish Farms 15.9 5.2 
Residential Low Density 2.1 6.8 
Residential Medium Density 0.6 7.6 
Transportation 0.6 7.8 
Institutional 1.3 8.1 
Extractive and Communications 12.5 8.3 
Residential High Density 13.2 8.7 
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Table 2.13. Pre- and post-restoration LDI per sub-basin. 
USGS Sub-Basin 
LDI Pre-
restoration 1990 
LDI Post-
restoration 2011 
Percent 
Change 
(%) 
DIR RUNOFF TO BAY 2.9 2.5 -13.49 
WOLF BRANCH 3.5 3.1 -11.86 
COCKROACH BAY 2.6 2.3 -11.61 
BIG BEND BAYOU 5.0 4.9 -2.07 
ALLEN CREEK 7.6 7.8 1.45 
CLAM BAYOU DRAIN 7.8 8.0 1.58 
ST JOE CREEK 8.0 8.1 1.69 
WOLF BR CUTOFF CANAL 3.7 3.8 2.01 
NEWMAN BRANCH 4.3 4.4 2.35 
ALLIGATOR CREEK 6.9 7.1 2.56 
DIRECT RUNOFF TO GULF 7.6 7.9 4.01 
DIRECT RUNOFF TO BAY 5.6 6.1 8.19 
BULLFROG CREEK 3.4 3.7 8.87 
FLINT CREEK 3.3 3.6 9.68 
TERRA CEIA BAY 3.7 4.1 10.33 
FROG CREEK 3.9 4.3 11.57 
MANATEE RIVER BL DAM 4.7 5.5 14.96 
LITTLE MANATEE RIVER 3.0 3.9 28.97 
Average 4.9 5.1 3.77 
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Table 2.14. Calculated LDI index per project area. 
Project 
LDI 
100m 
LDI 
200m 
Terra Ceia Upland Phase 3 1.15 1.18 
Emerson Point Phase 1 and 3 1.34 1.38 
Cockroach Bay 1A1 1.34 1.42 
Coopers Point 1.64 1.93 
Schultz Preserve 1.78 1.82 
Robinson Preserve Phase 1 1.78 1.88 
Cockroach Bay Freshwater Wetlands 1.83 1.83 
Cockroach Bay Uplands Phase 2 1.96 2.21 
Terra Ceia Wetland Phase 1 1.97 2.17 
Cockroach Bay Braided Tidal Creek 2.00 2.07 
Cockroach Bay Uplands Phase 1 2.06 2.14 
Cockroach Bay 1A2 2.22 2.27 
Davis Tract 2.49 2.58 
Terra Ceia Upland Phase 6 2.59 2.53 
Terra Ceia Upland Phase 4 2.61 3.05 
Palmetto Estuary Phase 1 2.84 3.07 
Lake Thonotosassa 2.92 2.84 
Newman Branch Phase 1 and 2 3.00 3.14 
Perico Preserve 3.06 2.95 
Terra Ceia Upland Phase 1 3.11 3.47 
Tappan 3.12 3.57 
Wolf Branch Phase 1 and 2 3.12 3.34 
Cockroach Bay 1B2 3.49 4.09 
North Apollo Beach 3.51 4.11 
EG Simmons Park 3.71 3.34 
Clam Bayou Phase 3 4.38 5.73 
Joe's Creek School Site 4.38 4.44 
Terra Ceia Upland Phase 2 4.45 3.88 
Gateway Tract 4.48 4.19 
Cockroach Bay 1B1 4.68 4.45 
Lost River Preserve 4.76 3.75 
Ekker Property 4.98 5.34 
Kapok Park 5.35 5.85 
Lancaster Tract 6.14 6.54 
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Figure 2.1. Completed and ongoing SWIM projects in the Tampa Bay watershed. 
 
*Multiple phases of restoration completed on one site shown as a single entry. 
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Figure 2.2. Projects selected for this study. 
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Figure 2.3. Delineation of the 465 sub-basins within the 11 drainage basins of the 
Tampa Bay watershed. 
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Figure 2.4. Proportion of habitat types created through restoration. 
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Figure 2.5. Exotic/invasive plant coverage by restoration project location. 
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Figure 2.6. Change in LDI from 1990 to 2001 within the Tampa Bay watershed. 
 
*Red, more intense human impact → green, less intense. 
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Figure 2.7. UMAMmod and LDI 100 m and LDI 200 m buffer correlation. 
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CHAPTER THREE:             
 
DETERMINING RESTORATION SUCCESS OF A HYDROBLASTED MANGROVE 
FOREST IN TAMPA BAY USING A MULTI-SCALE MONITORING APPROACH 
 
 
3.1 Introduction 
 Coastal intertidal wetlands represent critical and highly productive habitats for an 
extensive range of plant and animal species (Klemas 2013, Odum and McIvor 1990).  
This type of wetland also provides a number of other ecological functions including flood 
protection, erosion prevention, and water quality improvement through nutrient cycling 
(Thayer et al. 2003).  However, over the past several decades, intertidal wetland 
acreage in the continental United States has decreased steadily, principally resulting 
from human activities and habitat conversion (Dahl 2006).   
In Tampa Bay, intertidal wetlands have decreased by approximately 21% since 
1950 (Table 3.1, PBS&J 2009).  This habitat type, which includes mangrove forests and 
salt marshes, historically fringed the bay’s shorelines (Smith et al. 2007).  During the 
middle to later part of the 20th century, however, urban development and dredge and fill 
activities removed or damaged more than 40% of the original mangrove and salt marsh 
footprint (Lewis, 1977, Simon 1974).   
Additionally, in the late 1950s, nearly every intertidal wetland in Tampa Bay was 
grid-ditched for mosquito control (Clarke et al. 1984, Smith et al. 2007, Bourn and 
Cottam 1950). Like the majority of Atlantic coastal marshes, ditches were dug 
throughout the wetlands at 50 to 100 m intervals and were connected to each other and 
  
76 
 
existing tidal passages along perpendicular channels, producing a checkerboard effect 
(Clarke et al. 1984, Smith et al. 2007).  This was an engineering technique designed to 
drain water from the marsh and create pathways for fish to access wetland areas, eat 
mosquito larvae, and control populations of adult mosquitoes (Wolfe 1996, Smith et al. 
2007). 
The process of mosquito ditching generated several unintended side effects.  As 
the grid ditches were created, spoil was placed adjacent to the newly created channels, 
forming mounds that dotted the landscape (Smith et al. 2007).  These mounds, 
approximately 50 m2 in diameter and 2 m in height, rose above the surrounding 
wetlands and provided ideal settings for upland plants to colonize (Smith et al. 2007).  
Deposition of excavated spoil from grid ditching activities also resulted in a significant 
change to hydrologic patterns by increasing wetland surface elevations and decreasing 
water table levels (Wolfe 1996).  In Tampa Bay, the deposition, or spoil mound creation, 
interrupted the tidal exchange throughout the mangrove forests and left mangrove 
communities vulnerable to invasion by Schinus terebinthifolius, commonly known as 
Brazilian pepper, an opportunistic exotic plant species (Donnelly 2006, Smith et al. 
2007). 
   Schinus terebinthifolius, which is native to Brazil, Argentina, and Paraguay was 
introduced to the state of Florida in the early 1800s as an ornamental tree using the 
common name of Florida holly (Fletcher et al. 2011, Lass & Prather 2004, PBSJ 2009). 
This species spread rapidly, but was not recognized as a problem until the 1950s 
(Ferriter 1997).   Surveys completed in the Everglades National Park recorded its 
increasing abundance and identified its potential to create changes in natural habitats 
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on a large scale (Ferriter 1997).  Schinus terebinthifolius now covers thousands of acres 
within the Tampa Bay watershed and is considered a Category I invasive species 
(PBS&J 2009). The plant has an aggressive growth habit and an ability to outcompete 
native vegetation, resulting in decreased diversity of native plants and animals in 
invaded terrestrial or wetland environments (Fletcher et al. 2011).   
In an attempt to reverse the effects of past damage, major efforts are being made 
by federal, state, and local agencies, like SWFWMD.  The primary goal of wetland 
restoration projects throughout the bay is to restore the functions and values of the 
essential intertidal ecosystems by restoring hydrology and vegetation back to a 
condition native to the area (Zedler 2000, Klemas 2013).   
In the present study, supervised classification of aerial imagery and ground-
based vegetation data collection were used to provide proof of concept for a new 
mangrove forest restoration technique called hydroblasting.  Restoration methodologies 
for this habitat type have historically involved mechanical removal of spoil mounds and 
herbicide application for exotic vegetation control.  These techniques have proven 
ineffective in the long-term control of S. terebinthifolius due to accessibility issues, 
collateral damage generated by heavy machinery, and the prolific nature of this plant.  
In 2004, the alternative hydroblasting procedure was implemented in Tampa Bay for the 
first time.  Hydroblasting offered the ability to permanently remove spoil mounds without 
significantly damaging the surrounding mangrove canopy and could also be applied to 
areas inaccessible to large equipment. 
Using this new restoration technique could be crucial in preventing expansion of 
and reducing the existing S. terebinthifolius population within Tampa Bay’s mangrove 
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forests, but no longstanding data exists concerning its efficacy.  This study provides a 
land cover and vegetation change analysis spanning a 10-year period that evaluates 
aspects of the hydroblasting technique relative to native plant establishment and non-
native plant exclusion.   
 
3.2 Methods 
3.2.1 Restoration Project Design 
The Gateway Tract (Gateway) is an approximately 67-hectare property, located 
in St. Petersburg (27.89˚N, -82.652˚W), which lies along the shoreline of a portion of the 
bay known as Old Tampa Bay (Figure 3.1).  The site is representative of many coastal 
properties in the area, exhibiting extensive ditching from mosquito control activities.   
The prevailing surrounding land use is urban, with the property bordered on three sides 
by major thoroughfares and interstates.  The study site itself is bisected by Interstate 
275 (I-275).  The portion north of I-275 was designated the north parcel and the portion 
south, the south parcel for ease of discussion. 
The study site at Gateway was part of a large, 45-hectare restoration effort 
completed by the SWFWMD to create and enhance upland, estuarine wetland, and 
mangrove ecosystems.  Seventeen hectares of hydroblasting for mangrove 
enhancement were included in the project design.  Every half hectare of ditched 
mangrove forest contained three to eight spoil mounds.  Though some mounds were 
home to large desirable upland tree and native undergrowth species, the majority of 
mounds were populated with S. terebinthifolius. 
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Schinus terebinthifolius cannot tolerate high saline water or extensive inundation; 
therefore, it does not directly compete for space occupied by mangroves (PBSJ 2009). 
More often, the tree “crowds” out mangroves along their landward margin as it grows 
down to the mean high water line (Ewel et al. 1982).  It is apparent that the crowding 
effect stunts overall mangrove growth, likely through competition for light, freshwater, 
and nutrients (Ewel et al. 1982).  With average salinity readings of 22 parts per 
thousand at the Gateway site, reestablishing tidal flow over the previously mounded 
areas and throughout the mosquito ditch network theoretically prevents pepper growth 
and serves as a seed dispersal mechanism for native vegetation.   
The hydroblasting technique works similarly to mechanical removal to produce 
tidal flushing, where the mound elevation is lowered to match surrounding mangrove 
forest elevations.  Hydroblasting works by using high-pressure water sourced from the 
nearby mosquito ditches and pumping it to the mound site through a hose.  The high-
pressure water redistributes spoil mound material (Figure 3.2).  The sediment is 
dispersed in thin sheets through the surrounding canopy and into the mosquito ditches.  
“Blasting” continues until goal elevations are achieved.   
Since hydroblasting had never been attempted previously in Tampa Bay, state 
issued permits required basal bark cutting of the S. terebinthifolius located on the spoil 
mounds, followed by an herbicide application, prior to performing the work.  One month 
after the application, the hydroblasting procedure began by placing a small boat 
containing a gasoline powered pump into the mosquito ditches adjacent to the mounds 
to be removed.  Turbidity barrier was installed in the ditches as an erosion control 
measure.  Nozzle diameters and hose lengths were tested to create a high pressure, 
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low volume system.  This system provided enough force to disperse the mound 
sediments and only required about 0.3 meters of water for the pump intake. 
Three person teams were used during the hydroblasting.  One individual held the 
hose, one maneuvered the nozzle, and one assisted in moving the hose and clearing S. 
terebinthifolius debris.  Mangroves surrounding the mound site were used as biological 
survey controls at Gateway.  The native plant species occurring along the perimeter of 
the mounds, generally Conocarpus erectus (buttonwood) and Laguncularia racemosa 
(white mangrove) thrive at salinities too great for pepper germination.  Achieving these 
elevations across the entire mound surface ensured the long-term eradication of S. 
terebinthifolius.  Each mound was brought down to the goal elevation in about one hour. 
Crews completed 196 mounds in 23 field days throughout the months of February, 
March, and April in 2004.  A three-year maintenance contract was established over the 
property to control, via chemical spraying, any area of regrowth not managed by the 
newly blasted mound elevations. 
 
3.2.2 Remote Sensing  
A remote based survey method was used to monitor the 17-hectare portion of 
mangrove enhancement.  A thematic habitat map was generated through computer 
assisted classification to evaluate changes in the areal extent of native and exotic 
vegetation over time.   
High resolution (1 meter or finer) natural color aerial orthoimagery was obtained 
from SWFWMD for the study area covering a 15-year period.  Pre-restoration condition 
imagery was captured in 1999.  Post-restoration condition imagery was captured the 
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year after construction was completed, 2005, and every third year thereafter, through 
2014.  All imagery was captured during the Florida dry season, December through 
February.    
 Imagery was imported into ESRI ArcMap 10.3.1 as GeoTIFF files.  Each year’s 
landscape was “segmented” by grouping adjacent pixels that displayed similar spectral 
values using the spatial analysis segmentation and classification toolset.  This process 
helps to identify features within the landscape that will later be classified as a particular 
habitat type.  Several segmentations were generated for each landscape while 
controlling the amount of spatial and spectral smoothing.  Final values for this operation 
were chosen based on how accurately the process derived features of interest within 
the aerial photographs (ESRI 2016).  
The training manager in the toolset was used to select polygons within the 
segmented landscape representing five land cover classes, including upland and 
mangrove, marsh, salt barren, S.terebinthifolius, and open water habitat  types from just 
outside and within the study area property boundaries for each of the five years (Figure 
3.3).  After several failed attempts to separate upland tree species from the surrounding 
mangroves, upland and mangrove habitat was combined as a single coverage due to 
the similar spectral signature exhibited by the vegetation within these ecotones.  A 
minimum of 75,000 pixels were delineated in the training polygons. 
A supervised classification was then performed using a support vector machine 
(SVM) algorithm.  An SVM was chosen for this application as it can perform with less 
training, increasing the speed of the overall assessment.  Support vector machines 
have also been shown to match, if not exceed the performance of established methods, 
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like maximum likelihood classification, for vegetation change detection (Mountrakis et al. 
2011, Taati et al. 2015). 
Post-classification, area was calculated for each habitat type within the 
hydroblasted zone for each year.  Comparisons were made across the zone as a whole 
and within blasted mound footprints.  Each sampled mound in the ground-based 
exercise was digitized using high resolution natural color aerial imagery.  Resolution 
improved between 2005 and 2006, from meter to sub-meter, making the mound sites 
more visible in 2006.   
 The classified imagery was clipped to the boundaries of each sampled mound.  
The percent cover and percent change for each habitat type could then be ascertained.  
These results were compared to those obtained from the transect data to evaluate 
mound information provided by each appraisal method. 
An equalized stratified random sampling strategy was employed in ESRI ArcGIS 
Pro 1.1.0 to generate points within each habitat type for the five classified years.  As 
part of the final step in the image classification process, an accuracy assessment was 
performed using these assigned reference points in the image with known class values. 
This step evaluated the classification algorithm and quantified the error level contributed 
by the image by contrasting the classified image with the ground validation data (Lass 
and Prather 2004, Taati et al. 2015) . In this study, a total of 150 samples were 
randomly chosen from each year of classified imagery.  The difference between 
classified images and ground truth data provided mapping error rates (Lass and Prather 
2004).  A confusion matrix was produced to express the accuracy of each classification 
(Taati et al. 2015).   
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Individual class accuracies are described by user’s and producer’s accuracies 
(Fletcher et al. 2011).  User’s accuracy represents the prediction capability of the 
classifier, while producer’s accuracy signifies the probability that the reference sample 
was identified correctly (Fletcher et al. 2011).  The overall accuracy and kappa 
coefficient were used to determine the map accuracy for each year (Congalton and 
Green 1999).  Overall accuracy provides a quantified measurement of correctly 
classified samples to the total number of samples (Congalton and Green 1999). The 
Kappa coefficient measures the difference between observed and chance agreement 
(Fletcher et al. 2011).  Kappa is computed as, 
 
𝜅𝜅 = 𝑁𝑁∑ 𝑚𝑚𝑖𝑖,𝑖𝑖 −  ∑ (𝐺𝐺𝑖𝑖𝐶𝐶𝑖𝑖  )𝑛𝑛𝑖𝑖=1𝑛𝑛𝑖𝑖=1
𝑁𝑁2 −  ∑ (𝐺𝐺𝑖𝑖𝐶𝐶𝑖𝑖  )𝑛𝑛𝑖𝑖=1  
From Jensen (2005), where: 
• i is the class number 
• N is the total number of classified pixels that are being compared to ground truth 
• mi,i is the number of pixels belonging to the ground truth class i, that have also 
been classified with a class i (i.e., values found along the diagonal of the 
confusion matrix) 
• Ci is the total number of classified pixels belonging to class i 
• Gi is the total number of ground truth pixels belonging to class i 
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3.2.3 Line-Intercept Sampling 
Transect lines were used to monitor community vegetation recruitment patterns 
on the hydroblasted mound sites.  In June 2004, twelve mound sites were selected for 
evaluation within the restored study area, six on the northern parcel and six on the 
southern parcel (Figure 3.4).  Transects were established using cardinal directions on 
each site.  Two transects were created per mound, extending from the mangrove fringe 
at the north end to that on the south end and, similarly, from the east to west.  Overall 
length of each transect was obtained using a tape measure and a painted stake was 
placed in the center of each mound to aid in re-sampling.  After the transect line was 
established, the sampler walked the line and recorded all vegetation information, 
including species and extent of above ground canopy cover, for all plants that 
intersected the line.  In addition, the location and status of any S. terebinthifolius stumps 
or sprouts on the mound and the health of the surrounding mangrove canopy was 
noted.   
Mound sites were observed quarterly during the first year post-construction and 
then revisited again in 2015.  Mound sites were also photo-documented.  Over the 
years, several of the sites became less accessible as the marsh developed and the 
mangrove canopies expanded and grew.  In 2015, samplers were able to re-sample all 
but one of the original 12 mounds.   
Using the plant species data recorded for the transects, a Jaccard index (Jaccard 
1912) was computed to assess the similarity of plant composition in 2005 and 2015 for 
each mound and the overall hydroblasted area.  The Jaccard index is calculated using 
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the presence of plant species common to both years, those unique to the first year, and 
those unique to the second year as follows: 
 
J = a/(a + b + c), where 
J = Jaccard similarity coefficient, 
a = number of plant species common to (or shared by) sampling 
years, 
b = number of plant species unique to the first sampling year, and 
c = number of plant species unique to the second sampling year 
 
Distance occupied by each species of plant along individual transects was also 
tabulated.  Relative percent cover for the vegetated and un-vegetated areas along the 
transect was calculated for 2005 and 2015 by adding the extent of each species 
measured and then dividing by the length of the transect (Elzinga et al. 1998).  The 
resulting data represented an overall estimate for the distribution of vegetation on each 
mound site. 
 
3.3 Results 
3.3.1 Remote Sampling 
Many of the habitat types identified during the supervised classification remained 
quite stable throughout the years of study (Table 3.2).  The two categories with the most 
notable change were S. terebinthifolius and salt barren, which appeared to be a direct 
result of hydroblasting activities.  Schinus terebinthifolius was initially reduced by two 
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hectares, from 3.28 to 1.25, within the footprint of the hydroblasting area.  The pepper 
did re-sprout in subsequent years to a coverage of 2.33 hectares, ultimately resulting in 
29% decrease from pre- to post-restoration.  The salt barren habitat type exhibited a 
minor presence, 0.04 hectares, prior to restoration.  Post-restoration, salt barren 
accounted for 0.28 hectares of habitat, a 600% increase in coverage. 
Schinus terebinthifolius was substantially diminished on all 12 sampled mounds, 
showing a reduction of 69 to 100% across all mounds from their pre-restoration to post-
restoration state (Table 3.3).  Salt barren represented approximately 25% or more of the 
total habitat type on all mounds, excluding mound GW1 and GW2.  Marsh and 
mangrove/upland habitat also increased on all mounds, with marsh climaxing to 
mangrove/upland habitat over time.  The one exception was noted in mound GW6, 
which became primarily (60%) salt barren habitat post-restoration. 
Table 3.4 summarizes the confusion matrix results from the supervised thematic 
mapping classification within the hydroblasting area for each year.  User’s and 
producer’s accuracies for the S. terebinthifolius class ranged from 40-87% and 91-
100%, respectively.  For the other classes, user’s and producer’s accuracies ranged 
from 23-100% to 44-100%, respectively.  Errors mainly occurred in discriminating S. 
terebinthifolius from mangrove/upland vegetation.  Mistakes also appeared when 
separating open water from shadow produced by the larger vegetation.  The darker 
tones of the marsh class and the lighter tones of the open water class were incorrectly 
cross identified on a few occasions as well.  Overall accuracy ranged from 70-89% and 
Kappa values ranged from 0.63-0.82.   
 
  
87 
 
3.3.2 Ground-Based Sampling 
Blasted mound sites averaged 57.9 m2 in diameter with a 2-meter halo of 
sediment deposited into the surrounding canopy (Table 3.5).  The depth of deposition 
was on the order of two to three centimeters.  Initially, S. terebinthifolius was 
significantly reduced or completely eradicated on all of the monitored mound sites.   
After the first year of monitoring, all mound sites generally appeared bare, 
however, the GW1 site quickly established a 0.65-meter-wide band of succulent plants 
along the southern extent of the washout area and a 0.8-meter-wide band of L. 
racemosa along the northern extent during this time.  Small mangroves and succulent 
plants were also identified at single points along the east-west transect within the center 
of the mound site.  The waterward edge of most mound sites also received a number of 
mangrove recruits in the first year. 
Thirteen species of plants were recorded on transects within the hydroblasted 
mound sites over the entire ten-year sampling period.  The 2005 transects averaged 
3.16 plant species, ranging from one to six species per mound site (Table 3.6).  The 
2015 transects averaged 4.67 plant species, ranging from three to seven species per 
mound site.  Sites GW6, GW9, and GW12 experienced the highest level of diversity in 
recruited species, while GW2 and GW5 saw the lowest level. 
 To review community changes within mound sites, Jaccard similarity was 
evaluated by comparing all plant species by transect and all transects by presence of S. 
terebinthifolius for the two sampling years (Table 3.7).  Results for sites GW1, GW2, 
GW7, GW8, and GW11 were 0.50 and above, indicating a moderate to high degree of 
similarity between 2005 and 2015.  However, results for sites GW3, GW5, GW6, GW9, 
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GW10, GW12, and GW13 yielded scores below 0.40, suggesting low similarity, 
meaning the plant composition on these sites differed in 2005 and 2015.  When S. 
terebinthifolius was assessed across all sites, the Jaccard similarity index was 0.10, 
denoting almost no similarity.  This outcome signifies a completely different pattern of 
occurrence between the sampling years. 
These results are supported with the information provided in Figure 3.5.  For the 
sites with moderate to high Jaccard index scores, only one to two new plant species 
were recorded in 2015 when compared to 2005.  In contrast, the mound sites with lower 
scores, displayed a higher incidence of recruitment or conversion from one species to 
another during the 10-year window. 
Both the north and the south sites developed similarly.  Conocarpus erectus 
represented the most prevalent vegetative cover, at 21%, and was found on all of the 
mound sites except GW7. The northern mound sites exhibited a strong presence of 
Avicennia germinans (black mangrove), while the southern sites were primarily 
dominated by L. racemosa and C. erectus.  Five of the 2015 transects recorded S. 
terebinthifolius re-sprouts.  However, five sites, GW1, GW8, GW9, GW10, and GW12 
where S. terebinthifolius was recorded in 2005, did not contain this plant species in 
2015.  Seven sites developed native wetland succulent plant cover, including Batis 
maritima (saltwort), Salicornia virginica and bigelovii (glasswort), and Sesuvium 
portulacastrum (sea purslane). 
 
3.4 Discussion 
 
Schinus terebinthifolius has the ability to alter the structure of natural  
  
89 
 
communities and the overall function of invaded ecosystems (Williams et al. 2005).  
Disturbed habitats are more frequently colonized due to its rapid rate of growth and 
ability to tolerate a wide range of abiotic conditions (Jones and Doren 1997, Mytinger 
and Williamson 1987).  This exotic plant is one of the most widespread species in the 
state of Florida, covering over 283,279 ha in the central and southern regions, and 
poses a serious biological threat to native plant populations (Ferriter 1997). 
Conventional exotic vegetation control methods have significant limitations, in 
that, they focus primarily on the invading plant species and not the entire ecosystem 
(Hobbs and Humphries 1995).  Mechanical control can effectively change the 
environmental conditions, i.e. elevation, in locations where S. terebinthifolius is found.  
However, this method is generally unsuitable for native areas and often creates 
additional disturbance that becomes susceptible to further invasion (Ferriter 1997).  
Chemical treatments will kill mature S. terebinthifolius as well as any saplings when 
applied correctly during the right time of the year.  Yet, observations made by Parkinson 
et al. (1999) indicated that any resulting gaps in the tree canopy following treatment, 
without any manipulation of the surrounding environment, led to an increase in re-
sprouting and an overall increase in the S. terebinthifolius coverage.   
 The hydroblasting method of exotic plant removal offers a management strategy 
that eliminates both the foreign species and the source promoting invasion of the 
mangrove forest ecosystem. By using a multiscale monitoring approach, the results of 
this study indicate that both monitoring techniques provided useful and different data 
regarding the hydroblasting method.  The remote method presented an overall view of 
the entire 17 ha study area, which would be extremely difficult and time consuming to 
  
90 
 
attempt to access on foot.  The Kappa coefficient for each classification indicated that 
all years demonstrated a substantial relationship between reference and map data per 
Landis and Koch (1977) scoring scheme. The 2014 effort revealed that the map was 
73% (Kappa value multiplied by 100) better than a random chance classification 
(Fletcher et al. 2011). 
The most interesting results from the remote sensing exercise were twofold.  
First, the spectral signature of S. terebinthifolius was easy to visually detect from the 
aerial imagery.  Bright green in color, this plant was only somewhat problematic to 
classify when compared marsh and open water habitat types and returned high levels of 
accuracy, above 70% for both the user and producer category across all years except 
2011 and 2014.  Mangroves and native upland tree species were larger than the 
surrounding mangrove canopy in random locations throughout the hydroblasting area in 
these years, causing occurrences of misclassification as S. terebinthifolius 67% and 
50% of the time, respectively. 
Secondly, the fact that the mound sites were becoming salt barren habitat was 
extremely noteworthy.  Due to its distinctive white signature, the salt barren habitat type 
was correctly identified with 88% or higher accuracy. This type of habitat has been 
reduced by 34% in Tampa Bay since the 1950s (PBSJ 2009). Patchy and sparse 
vegetation is common to salt barrens, creating a unique coverage of flora (Lewis and 
Estevez, 1988).  These areas provide important seasonal and diurnal habitats for a 
number of feeding wading birds and fish species (Lewis and Estevez, 1988).  
Hydroblasting has actually been used within the past couple of years to restore salt 
barren habitat in an area north of the Gateway Tract. 
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The ground based methods provided data concerning the specific vegetation 
characteristics of each mound.  Results from the field sampling effort corresponded with 
the remote sensing results, documenting an overall reduction in S. terebinthifolius site 
wide. However, in regard to S. terebinthifolius control, at least two of the initial 12 
transect sites noted a significant resurgence post-restoration, as these two sites did not 
achieve surrounding mangrove elevations.  The 2015 transect data demonstrated that 
the spray and hydroblasting combination worked well in general, as very little regrowth 
was observed.  The S. terebinthifolius observed in 2015 were generally small plants or 
appeared stressed, indicating that high tide events are likely controlling the growth and 
spread of this vegetation as the project intended. 
Smith et al. (2007) completed a study of hydroblasted mounds and the effects on 
the surrounding mangrove forest.  The transect data for this study were collected across 
multiple sites in Tampa Bay for three years post Gateway restoration.  Their findings 
encouraged a cautious use of hydroblasting on future sites, stating that this technique 
was not a successful restoration tool. 
  In contradiction to some of the Smith et al. (2007) findings, significant evidence 
of mangrove death was not observed while recording transect data, though stress was 
documented at a few mound sites.  Subsequently, no reduction in mangrove area was 
identified via remote sensing in any of the imagery collected post-restoration.  It is 
important to note, however, that the sites in this study did not overlap the Smith et al. 
study sites. 
The Smith el al. study also stated that the lack of colonization by vegetation on 
the hydroblasted mound sites was “unsettling.”  One factor, other than time, that could 
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lead to the discrepancy between the Smith et al. study and current results is annual 
rainfall.  The Smith et al. study was completed during a period of low annual rainfall.  
This period, when compared to the more recent period, which has been equal to or 
greater than the average, was significantly different (Table 3.8, t-test, p=0.04). Salinity 
varies seasonally within salt barren habitats, responding to variations in rainfall and tidal 
inundation (Lewis and Estevez, 1988).  Increased annual rainfall since the Smith et al. 
study would have produced a higher fluctuation in tidal events, in addition to generally 
providing more water and sediment exchange for plant establishment and growth. 
 
3.5 Conclusions 
Effective management and monitoring of S. terebinthifolius will rely on constant 
adaptation and use of new technologies and environmental restoration practices. 
Hydroblasting is becoming a more frequently implemented alternative for spoil mound 
removal in Tampa Bay mangrove systems.  In concurrence with Smith et al. (2007), 
there are requirements that must be met for successful implementation of this 
technique, the primary being the need to lower mounds to the surrounding mangrove 
forest elevation.  When this goal is achieved, positive results have been observed and 
supplemental plantings have not been required in most of the recently executed 
projects.   
Much has been learned about hydroblasting in the past decade, improving the 
methodology for hydrologic improvement and exotic species control, through monitoring 
of completed restoration sites, like Gateway.  Monitoring outcomes is vital for 
determining the success of restoration efforts and altering the process to achieve future 
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project goals.  Nevertheless, monitoring is rarely performed in the bay area.  Funding 
and logistical considerations direct if and how these assessments are conducted and 
make efficient forms of data collection a priority (Shuman and Ambrose 2003).   
Ground survey has proven feasible in some areas and will always be an integral 
part of vegetation sampling methodology to acquire information related to species 
abundances and composition (Shuman and Ambrose 2003).  However, not all areas 
within restored mangrove forests are easily accessible, making remotely acquired data 
more economical for long-term monitoring.  The new tools included in ESRI ArcGIS 10.1 
make remote monitoring much easier and cost effective for local resource managers.  
Many government entities maintain GIS software and public domain aerial imagery is 
readily available from the SWFWMD.  New imagery is obtained on a three-year rotation, 
which is generally sufficient for initiating strategies related to S. terebinthifolius control.   
In sum, it can be concluded that hydroblasting is an effective alternative to 
traditional methods used in the restoration of mangrove forests.  In addition, colonizing 
species, such as S. terebinthifolius, can be accurately tracked, along with more specific 
habitat characteristics, in a cost-effective manner when remote sensing is combined 
with ground-based sampling (Tuxen et al. 2008).  Together, these methods can provide 
data that will enhance resource management in Tampa Bay by reducing existing 
populations of S. terebinthifolius and preventing its expansion to new areas.   
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Table 3.1. Estimated hectares for types of emergent tidal wetlands in Tampa Bay by year. 
Habitat Type ca 1950 1990 1995 1999 2004 2007 
Mangrove Forest 6,432 5,603 5,973 5,906 6,084 6,127 
Salt Marsh 2,679 1,687 1,758 1,812 1,792 1,779 
Salt Barren 555 359 180 190 203 181 
Totals 9,666 7,649 7,911 7,908 8,079 8,086 
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Table 3.2. Hectares of habitat type within hydroblasted area by year. 
 
Habitat Type 1999 2005 2008 2011 2014 
 
Upland/Mangrove 
 
12.7 
 
13.9 
 
13.3 
 
14.9 
 
13.1 
Marsh 1.34 1.53 2.04 0.64 1.65 
Salt barren 0.04 0.28 0.29 0.36 0.28 
Brazilian pepper 3.28 1.25 1.21 1.13 2.33 
Open Water 0.50 0.87 1.05 0.84 0.49 
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Table 3.3.  Relative percent change of habitat type per mound site by year. 
 
Mound Habitat Type 
1999 
(%) 
2005 
(%) 
2014 
(%) 
% Change 
1999-2005 
% Change 
2005-2014 
% Change 
1999-2014 
GW1 Brazilian Pepper 52.3 3.3 16.4 -93.7 398.6 -68.6 
 Mangrove/Upland 0.6 10.8 55.9 1818 416.7 9812.9 
 Marsh 47.1 77.9 27.7 65.4 -64.5 -41.2 
 Salt Barren 0.0 7.9 0.0 - -100.0 - 
GW2 Brazilian Pepper 91.7 5.7 0.0 -93.7 -100.0 -100.0 
 Mangrove/Upland 8.3 10.9 30.3 30.5 179.7 264.8 
 Marsh 0.0 83.4 57.6 - -31.0 - 
 Salt Barren 0.0 0.0 12.1 - - - 
GW3 Brazilian Pepper 83.4 0.0 11.4 -100.0 - -86.4 
 Mangrove/Upland 16.6 73.6 35.3 344.6 -52.1 113.2 
 Marsh 0.0 26.4 53.3 - 102.1 - 
GW5 Brazilian Pepper 57.5 0.7 1.3 -98.9 104.8 -97.7 
 Mangrove/Upland 12.2 36.4 14.4 199.2 -60.3 18.7 
 Marsh 0.0 62.9 46.3 - -26.6 - 
 Salt Barren 0.0 0.0 37.9 - - - 
 Open Water 30.3 0.0 0.0 -100.0 - -100.0 
GW6 Brazilian Pepper 30.5 0.0 0.0 -100.0 - -100.0 
 Mangrove/Upland 10.9 44.3 8.6 306.7 -80.5 -20.9 
 Marsh 58.6 55.7 31.2 -4.9 -44.1 -46.8 
 Salt Barren 0.0 0.0 60.2 - - - 
GW7 Brazilian Pepper 99.9 7.1 1.7 -92.9 -75.9 -98.3 
 Mangrove/Upland 0.2 21.8 4.9 14892.4 -77.6 3255.5 
 Marsh 0.0 67.1 41.8 - -37.7 - 
 Salt Barren 0.0 3.9 51.6 - 1192.4 - 
GW8 Brazilian Pepper 30.8 0.7 0.00 -97.7 -100.0 -100.0 
 Mangrove/Upland 51.0 0.6 10.6 -98.9 1731.5 -79.2 
 Marsh 2.0 53.3 42.8 2564.2 -19.8 2037.9 
 Salt Barren 16.2 45.4 46.6 179.7 2.7 187.1 
GW9 Brazilian Pepper 39.6 0.0 0.6 -99.9 1372.9 -98.5 
 Mangrove/Upland 47.8 13.2 21.6 -72.4 63.6 -54.9 
 Marsh 12.6 65.6 23.7 419.7 -63.9 87.5 
 Salt Barren 0.0 21.2 54.2 - 155.8 - 
GW10 Brazilian Pepper 72.1 0.0 15.7 -100.0 - -78.2 
 Mangrove/Upland 27.9 0.0 32.4 -100.0 - 16.1 
 Marsh 0.0 70.9 23.5 - -66.9 - 
 Salt Barren 0.0 29.0 28.3 - -2.4 - 
  
97 
 
Table 3.3 (Continued)   
 
Mound Habitat Type 
1999 
(%) 
2005 
(%) 
2014 
(%) 
% Change 
1999-2005 
% Change 
2005-2014 
% Change 
1999-2014 
GW11 Brazilian Pepper 54.9 0.0 3.6 -100.0 - -93.4 
 Mangrove/Upland 28.2 2.4 4.8 -91.5 99.8 -83.0 
 Marsh 16.9 97.6 70.8 478.6 -27.4 319.9 
 Salt Barren 0.0 0.0 20.8 - - - 
GW12 Brazilian Pepper 63.3 18.6 0.0 -70.7 -100.0 -100.0 
 Mangrove/Upland 33.4 12.6 17.3 -62.2 37.5 -48.1 
 Marsh 0.0 68.9 55.9 - -18.8 - 
 Salt Barren 0.0 0.0 26.7 - - - 
 Open Water 3.3 0.0 0.0 -100.0 - -100.0 
GW13 Brazilian Pepper 78.4 0.0 0.0 -100.0 - -100.0 
 Mangrove/Upland 21.6 95.6 1.0 341.7 -98.9 -95.2 
 Marsh 0.0 4.4 53.8 - 1120.3 - 
 Salt Barren 0.0 0.0 45.2 - - - 
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Table 3.4.  Classification accuracy assessment and Kappa coefficient report. 
 
Habitat Type 1999 2005 2008 2011 2014 
Accuracy (%) U P U P U P U P U P 
Upland/Mangrove 93.3 56.0 96.7 69 96.7 43.9 100 61.2 100 52.6 
Marsh 76.7 62.2 83.3 86.0 33.3 66.7 70 87.5 50.0 93.8 
Salt barren 96.7 87.9 96.7 93.5 100 100 96.6 100 96.7 100 
Brazilian pepper 70.0 91.3 86.7 96.2 80.0 96.0 66.6 100 50.0 100 
Open Water 23.3 100 63.3 100 40.0 85.7 76.6 82.1 96.7 87.9 
Kappa coefficient 0.65 0.82 0.63 0.78 0.73 
      
       U = User accuracy, P= Producer accuracy 
 
 
 
 
 
 
 
 
 
 
 
99 
 
Table 3.5.  Transect length and size of initial hydroblasted mound site. 
 
Mound Site GW1 GW2 GW3 GW5 GW6 GW7 GW8 GW9 GW10 GW11 GW12 GW13 
N-S Transect 
(m) 
10.1 9.45 8.99 8.23 5.64 10.4 9.00 9.10 7.50 16.4 7.1 4.7 
E-W Transect 
(m) 
9.45 7.62 8.99 6.10 8.99 6.40 13.5 9.20 19.9 13.9 11.6 10.4 
Mound Area 
(m2) 
57.5 53.3 41.5 30.7 31.7 75.3 92.1 66.4 126.6 67.3 43.7 49.6 
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Table 3.6.  Vegetation species present on hydroblasted mound sites. 
 
Mound Site GW1 GW2 GW3 GW5 GW6 GW7 GW8 GW9 GW10 GW11 GW12 GW13 
Plant Species  
Year 05 15 05 15 05 15 05 15 05 15 05 15 05 15 05 15 05 15 05 15 05 15 05 15 
Avicennia germinans 
Black Mangrove 
 
          + + + +  + +  + + + + + + 
Baccharis halimifolia 
Salt Bush 
 
                 +    +   
Batis maritima 
Saltwort 
 
+ +      +  +      +  +      + 
Conocarpus erectus 
Buttonwood 
 
+ + + + + + +   +   + + + + + + + + + +  + 
Distichlis spicata 
Saltgrass 
 
 +                       
Eupatorium capillifolium 
Dog Fennel 
 
       +  +               
Heliotropium curassavicum 
Seaside Heliotrope 
 
           +          +   
Laguncularia racemosa 
White Mangrove 
 
+ + + +  + +  + + + + + +  + + +  + + + + + 
Myrica cerifera 
Wax Myrtle 
 
       +           +      
Quercus virginiana 
Live Oak 
 
  +       +               
Salicornia virginica 
Glasswort 
 
+ +    +       + +  +  +       
Schinus Terebinthifolius 
Brazilian Pepper 
 
   +  +    +  + +  +  +  + + +  +  
Sesuvium portulacastrum 
Sea Purslane 
 
    +        + +  + +     +   
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Table 3.7.  Similarity indices comparing all taxa present by transect, 2005 to 2015. 
Mound Jaccard Index 
GW1 0.80 
GW2 0.50 
GW3 0.20 
GW5 0.00 
GW6 0.17 
GW7 0.50 
GW8 0.83 
GW9 0.14 
GW10 0.25 
GW11 
GW12 
0.60 
0.38 
GW13 0.40 
All Transects Combined 0.38 
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Table 3.8.  Annual rainfall for Pinellas County (SWFWMD 2016). 
Year in cm  
2004 63.8 162  
2005 46.2 117 Avg = 44 in or 112 cm 
2006 46.4 118  
2007 38.1 96.9  
2008 46.3 118  
2009 48.0 122  
2010 51.0 130  
2011 59.3 151  
2012 48.4 123 Avg = 53 in or 134 cm  
2013 49.6 126  
2014 52.9 134  
2015 59.5 151  
 
*Annual rainfall average (1915-2015) = 51.7 in, 131 cm 
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Figure 3.1. Study location.  
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Figure 3.2 The hydroblasting technique. 
A.  Spoil mound in the mangrove forest, B.  Action of hydroblasting spoil mound, C.  Resulting habitat post-restoration 
 
  
 
A B 
C 
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Figure 3.3.  Aerial imagery representations of each habitat type. 
A. Brazilian pepper, note the bright green circle of vegetation, B.  Mangrove and Upland, C. Salt Barren, D. Marsh,  
E. Open Water 
 
A 
D E 
C B 
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Figure 3.4.  Transect locations.
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Figure 3.5.  Relative proportion of vegetative cover on all mounds, 2005 versus 2015.
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CHAPTER FOUR:  
 
IMPLEMENTING AERIAL AND TERRESTRIAL LiDAR AS A TOOL FOR DESIGNING 
SUCCESSFUL RESTORATION PROJECTS  
 
 
4.1 Introduction 
 
Coastal and riparian habitats provide spawning, nursery, foraging, and refuge 
areas for many types of organisms (Blaber et al. 2000, Hanson and Kerekes 2006).  
However, these systems are consistently being altered, fragmented, and destroyed by 
human activities, dramatically reducing the structural and functional elements available 
for use by animal communities (Collin et al. 2012).  Additional pressure from climate 
change, particularly sea level rise, will increase over the next several decades and may 
overwhelm the dynamics of spatial patterns and ecological processes characteristic to 
these areas (Collin et al. 2012). 
Topographic complexity is the fundamental ecological driver within tidally-driven 
and riverine ecosystems, contributing to wetland vegetation diversity and richness 
(Collin et al. 2010, Larkin et al. 2008, Morzaria-Luna et al. 2004).  Field surveys have 
traditionally been the method of data collection in these systems and the indices derived 
from these surveys, used by ecologists to assess the level of degradation and change, 
are extremely time consuming, costly, and sometimes difficult and dangerous to perform 
(Gilvear et al. 2004, Collin et al. 2012).  They can also be impactful to the habitat under 
review (Collin et al. 2012).   
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Remote sensing provides an alternative approach to traditional methodologies 
used to detect features of interest in coastal and riparian systems (Roughgarden et al., 
1991).  These applications can be used to model ecological processes or habitat 
changes at a regional scale and to formulate or test a wide range of hypotheses (Olsoy 
et al. 2014).  During the last decade, operational collection of environmental data has 
been revolutionized by the development of LiDAR technology (Vauhkonen et al. 2014).  
The lasers used in these systems can be mounted on aircraft (airborne laser scanning 
or ALS) or tripods (terrestrial laser scanning or TLS) and can be a cost-efficient means 
to more quickly obtain structural data (Vauhkonen et al. 2014). 
Airborne and ground-based LiDAR can deliver high-resolution spatio-temporal 
products (Collin et al. 2012).  A LiDAR instrument captures three-dimensional 
characteristics of objects by emitting a concentrated beam of energy at the ground or 
other surface (Olsoy et al. 2014).  A sensor within the instrument records the angle and 
time of flight for each reflected pulse that is emitted (Olsoy et al. 2014).  A point cloud is 
formed from all collected pulse intervals, which can range from millions to billions of 
individual points (Olsoy et al. 2014).  As the instrument travels across a vertical or 
horizontal plane gathering pulse time data, an outline of the target surface is formed via 
the point cloud data (Faridhouseini et al. 2011).  In heavily occluded areas, the majority 
of the light beams from the instrument will reflect off of treetops, airborne objects, or 
other obstacles, but some will pass beyond these barriers, reflecting off of the ground 
surface and allowing the LiDAR system to “see” through or around them  (Slovin 2015). 
Differences among the sensors used for LiDAR applications relate to wavelength 
of the laser, power, duration of pulses and rate of repetition, and beam size and angle of 
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divergence (Faridhouseini et al. 2011).  Airborne laser scanners can gather data across 
broad ranges, up to 100 square kilometers, though the resulting point density or 
resolution is generally low, up to 10 points per square meter (Olsoy et al. 2014).  
Airborne instruments have been widely used to characterize streams and rivers, 
analyze geological outcroppings, and assess a number of forestry and terrestrial issues, 
but the near-infrared wavelength, 1,064 nanometers, used by most scanners in the 
United States, is absorbed in water (Faridhouseini et al. 2011, Collin et al. 2012, 
Buckley et al. 2013, Bangen et al. 2014).  Green wavelength, 532 nanometer or 
bathymetric, LiDAR can penetrate water depths up to 50 meters, depending on clarity, 
and has been widely used as a modeling tool in coastal systems (Faridhouseini et al. 
2011, Collin et al. 2012, Richardson and Moskal 2014).  Used in conjunction, the near 
infrared wavelength, reflected from the water’s surface, and green wavelength, reflected 
from a lake, river, or bay bottom, can be used to determine shoreline elevations and 
water depths and can produce detailed pictures of how the land and water features 
interface (NOAA 2016). 
Global Positioning Systems are an integral part of the collection of ALS and TLS 
data.  For ALS, this well-known, satellite-based radio navigation technology is used to 
derive the precise X, Y, and Z position of the sensor in three-dimensional space while 
moving on a mounted platform in an airplane or other vehicle (Shuckman and Renslow 
2017).  The GPS system for LiDAR is initiated on the ground through the use of a base 
station (Shuckman and Renslow 2017).  During the data collection flight mission, a lock 
on the GPS satellites must be maintained and the LiDAR system must remain within 50 
miles of the base station to obtain the required final accuracies (Shuckman and 
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Renslow 2017).  When the flight concludes, the LiDAR GPS system and the reference 
base station achieve closure through a reinitializing procedure (Shuckman and Renslow 
2017).  During post processing of the LiDAR data, the precise position of the sensor can 
be calculated throughout the mission using the GPS data captured by the two devices, 
which is obtained every ½ to 1 second (Shuckman and Renslow 2017).  Typically, this 
provides no more than 3 to 4 centimeters of error (Shuckman and Renslow 2017). 
 In contrast to ALS, ground-based systems, or TLS, produce high point densities, 
100-1,000 points per square meter, but cover smaller areas, up to 100 meters (Olsoy et 
al. 2014).  With a resolution much greater than the airborne version, this technique has 
been applied in architecture, archaeology, forestry, and industry and is becoming an 
innovative tool in geology to quantify in-stream habitat, study gravel-bed forms, and to 
assess erosion and deposition (Nasermoaddeli and Pasche 2008).  A GPS base station 
is not required with static, or nonmobile, TLS as it is set up at a known GPS point and 
additional reference points are established on the target surface to assist with 
georeferencing control (Shuckman and Renslow 2017).  This method of assessment 
offers improved speed over standard survey techniques, with the ability to collect 
density, volume, and spatial coverage information over a variety landscapes (O’Neal 
and Pizzuto 2011).   
Incorporating this insight into ecological restoration can produce “successful” 
projects with increased sustainability and resiliency, while avoiding unintended impacts 
(Slovin 2015).  It also provides a mechanism for predicting habitat evolution within 
restored footprints (Slovin 2015). 
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In this study, ALS and TLS are used to evaluate two SWFWMD SWIM projects, 
one coastal mosaic and one riparian shoreline, that are in the initial stages of design or 
pre-construction.  Newer LiDAR technology was employed on each site within the past 
four years to help establish project baseline parameters from which more “successful” 
restoration designs could be constructed and monitoring efforts initiated.  Improved 
water flow and habitat value are the structural and functional components desired in 
both project plans.  This research intends to assess the following aspects of LiDAR as it 
relates to ecological restoration: 1) What additional value do these tools provide in 
obtaining topographic data on project sites?  2) How can the data improve a restoration 
design?  3) Are they worth the cost compared to traditional methodologies? 
 
4.2 Methods 
4.2.1 ALS Study Site Data Collection and Processing 
 The initial site in this study is the 116-hectare Huber Tract, which is part of the 
Terra Ceia Aquatic and Park Preserve in Manatee County.  Historically, this parcel was 
ditched, drained, and used for commercial agriculture purposes (Karlin and Owens 
2014).  This parcel is owned by SWFWMD and is being designed as a coastal upland 
and wetland restoration project by the SWFWMD SWIM Program.  The parcel has a 
thick canopy of exotic Schinus terebinthifolius (Brazilian pepper) vegetation that is 
intermixed with native upland plants and mangroves.  The ditching within the site’s 
boundaries is typical of parcels on the Tampa Bay shoreline, creating a hatched pattern 
with spoil mounds sitting adjacent to the established channels.  Wetland restoration on 
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this site would involve connecting the man-made waterways to a series of designed tidal 
lagoons, allowing tidal exchange between the bay and created wetland system.   
  Dual-wave LiDAR data was obtained and processed for this site by Aerial 
Cartographics of America and was ground-truthed by SWFWMD in the fall of 2013.  The 
mission parameters are outlined in Table 4.1.  Mosquito ditches were of particular 
importance for this area. These features are generally less than 10’ wide and extremely 
hard to define using traditional LiDAR and field survey methods. Aerial laser data was 
therefore required to be collected at a density to adequately identify a minimum of 90% 
of these features (ACA 2014). 
The georectified bare earth, class 2, and bathymetric ground point, class 29, data 
produced by the effort were imported into ESRI ArcGIS 10.3.1.  The most current 
SWFWMD aerial LiDAR, from 2007, was also added as a layer file.  A triangulated 
irregular network (TIN) was generated using LP360 for ArcGIS software from both the 
single and the dual wave LiDAR point clouds and visually compared.  A digital elevation 
model (DEM) was then produced using LP360 and was exported to Global Mapper 
18.0.  Using the selection tools in Global Mapper, an area representing spoil material 
bordering a ditched waterway was selected for cross section review and volumetric 
analysis.  The cut and fill tool was used to calculate the material available within the 
bounding polygon that would be required to fill the associated ditch. 
 
4.2.2 TLS Study Site Data Collection and Processing 
The focus of this element is a 5-hectare parcel, known as River Tower Park, on 
the Hillsborough River at the intersection of I-275 and Bird Street in Tampa, Florida 
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(Figure 4.2).  The site is being implemented as a shoreline restoration and water quality 
improvement project by the SWFWMD SWIM Program in cooperation with the City of 
Tampa and the Florida Department of Transportation.  The shoreline of the park is 
heavily vegetated with a mixture of large native trees and understory shrubs and exotic 
invasive vegetation.  The riverbank is undercut along portions of the approximately 375-
meter span of the park’s southern boundary.  The stabilization component of this project 
involves securing a structural woven textile vegetated bag system at the toe of slope to 
help reduce further undercutting and potential reduction of the park area.  Additionally, 
once established, the vegetated bag system will provide habitat for currently denuded 
areas along the embankment. 
The topography of the riverbanks along the northern portion of the Hillsborough 
River are often obscured by a variety of natural and artificial features, including trash, 
woody debris, and vegetation, that becomes part of the point-cloud data collected by the 
laser scanner (O’Neal and Pizzuto 2011). Therefore, as an initial phase of dataset 
reduction, an effort to remove clumps of exotic vegetation was conducted one week 
prior to the scans.  Removing vegetation from the survey data will be challenging in this 
location because roots, stems, and leaves blend into rougher parts of the bank 
topography. 
The pre-restoration exposed face of the River Tower Park shoreline was 
surveyed by a group led by Dr. Lori Collins and Dr. Travis Doering from the University of 
South Florida (USF) using a FARO Focus 3D terrestrial laser scanner over a period of 
approximately four hours in April 2013. The technical specifications of the scanner are 
located in Table 4.2. A series of 13 high resolution scans were conducted from locations 
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along the riverbank toe of slope, during the lowest daily tidal cycle. Data from roughly 
45% of the shoreline was captured.   
Scans collected information 360 degrees from the scanner foundation and were 
collected with some up- and downstream overlap, ensuring that the surface of the study 
reach was recorded from several directions (Heritage and Hetherington 2007). This 
technique intended to increase the point resolution across the surface of the bank face 
and reduce the possibility of un-scanned “shadowed” areas due to large elements, such 
as tree limbs, shielding objects in their cover from the laser scanner pulses (Heritage 
and Hetherington 2007).  At least three white, spherical targets were used in each scan 
to ensure proper registration between study reaches. Individual scan times took less 
than half an hour to complete.  
The TLS raw data was processed by USF using FARO SCENE software and 
was received as two georectified LAS files.  The unclassified point cloud data was 
imported into Global Mapper.  The auto-classify ground points tool was used to 
distinguish ground elevations from the large trees and other vegetation growing along 
the top of bank.  The classified data were then exported into ESRI ArcGIS 10.3.1 where 
SWFWMD 2011 aerial LiDAR for the site was added.  A DEM was generated from both 
the aerial and terrestrial LiDAR using LP360.  The two files were exported back into 
Global Mapper where cross sections of each file were evaluated using the path profile 
tool. 
  
116 
 
4.3 Results 
4.3.1 ALS 
 Figure 4.3 represents the primary area of interest within the Huber Tract.  The 
undulating line that bisects the image is a breakline between the previously farmed area 
to the south and the ditched mangrove forest to the north.  Tiny dots can be seen along 
the ditches, as previously noted at the Gateway Tract, which represent spoil material 
allocated in piles of differing volumes. 
 Figure 4.4, panel A, is the TIN created from the 2007 aerial LiDAR.  Areas of 
higher and lower elevation can be detected, however, no distinct features are evident.  
Panel B is the same TIN area using the 2013 hybrid ground and bathymetric LiDAR.  
Features within the site can now be distinguished, including ditches, spoil mounds, and 
a berm along the edge of the farm fields.  Panels C and D are focused views of the 
internal ditch between the two farm fields, noting the difference in the level of detail 
provided by each year’s LiDAR.  
 Using Global Mapper, the cross section shown in Figure 4.5 was generated using 
the 2013 hybrid LiDAR.   From this view, mound height was calculated to be nearly 1.2 
meters, mound width was approximately 15.2 meters, channel depth was just over 0.3 
meters, and channel width was roughly 3 meters.  A volumetric analysis was also 
completed on this area, demonstrating the resolution of the dataset (Figure 4.6).  Shown 
in Table 4.3, the net volume of material within the polygon area was -13.3 m3, 
documenting 20.2 m3 of cut material within the one mound and 33.6 m3 of fill required to 
level the adjacent ditch segment to surrounding ground elevations. 
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4.3.2 TLS 
 Unlike the ALS data, the TLS point cloud was not classified upon receipt.  Using 
the auto classify tool in Global Mapper, an estimated elevation was employed to 
distinguish top of bank elevations from the Quercus virginiana (live oak), Quercus 
laurifolia (laurel oak) and Sabal palmetto (cabbage palm) trees established along the 
shoreline.  Since the elevation changes as you move laterally along the shoreline, 
several inputs were required to properly identify the two classes, ground and vegetation.  
Figure 4.6 shows a cross section from LP360 after the points were classified, displaying 
the ground points in brown and the vegetation in gray. 
Low lying vegetation, primarily Acrostichum daneifolium (leather fern), was 
prominent along each reach, east and west, of scanned shoreline.  The abundance of 
this plant, in addition to several other species, created an issue when attempting to 
delineate bare earth points.  Therefore, this vegetation, in contrast to the taller trees, 
was included with the ground point data.   
 Cross sections of the shorelines were produced in Global Mapper using the 
DEMs from the ALS and TLS data.  The two sections generally concurred, exhibiting 
bank heights of about 3 meters at one of the eastern reach locations shown in Figure 
4.7.  Due to the dense overstory, ALS data points were not as profuse along the face of 
the bank, compared to the horizontally acquired TLS points.  Therefore, the ALS data 
produced a much smoother bank outline, while the TLS contours were quite detailed 
and incorporated numerous small plants and woody debris. 
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4.4 Discussion 
Remote sensing applications have facilitated exceptional progress related to 
modeling, mapping, and the understanding of coastal and riparian ecosystems 
(Faridhouseini et al. 2011).  Obtaining spatially, structurally, and thematically accurate 
habitat data via LiDAR sensors can improve conservation and management planning 
within structurally complex environments (Collin et al. 2012).  Scanning datasets from 
both aerial and terrestrial laser sensors can provide a wealth of information from 
different perspectives (Murgoitio et al. 2014).   
 
4.4.1 LiDAR application 
The dual wave ALS hybrid effort at the Huber Tract provided a level of detail that 
has not been available for previous projects.  Over the past several years, the 2007 
SWFWMD LiDAR has been used by SWIM and its consultants to supplement traditional 
field surveys in Manatee County.  Due to the extensive and persistent S. terebinthifolius 
coverage on most project sites, the actual bare ground elevations have been found to 
have inaccuracies of up to 0.3 meters.  The vegetation has also limited field survey crew 
access within the sites.  When combined, these issues create little confidence for 
calculations of cut and fill volumes, which can significantly affect construction times and 
costs. 
This study shows how effective the 2013 hybrid LiDAR data is for identifying 
features with a project site, even under a thick canopy of vegetation.  Due to the nature 
of the collection methodology, the point density on this site was equivalent to four times 
that of historical LiDAR missions.  Figure 4.8 demonstrates how the creation of a water 
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feature, like a tidal creek, within the mission footprint can be more accurately located to 
intercept the larger ditches within the mangrove forest, ensuring adequate tidal flushing.  
Additionally, cultural resources would be more easily identified and avoided and cut and 
fill volumes would be computed with greater confidence. 
Collin et al. (2012), using a similar hybridized system, completed mapping of 19 
littoral habitats with 90% accuracy.  The authors state that multispectral LiDAR survey 
“holds significant potential for monitoring small-scale structural complexity, as well as 
constructing spatially and temporally seamless patterns of coastal habitats.”  This 
application, therefore, could not only be used to implement more successful projects 
from the initial design stage, but also provide a long-term monitoring and assessment 
tool for adaptive management execution. 
The TLS data generated at the River Tower Park location provided some insight 
into riverbank structure, especially on the eastern side of the property where the bank 
elevation is more pronounced.  The main area of interest for this application was the 
undercutting noted in some areas of the bank near the water line at high tide.  To more 
precisely calculate the fill required for these areas, obtaining accurate topographic 
information was required.  The profusion of vegetation at this site was a significant 
hindrance, producing sizeable occlusions to bare ground data recording. 
Leslar (2015) discussed the vegetation issue, noting that it had been a problem 
for many years for terrestrial LiDAR practitioners.  He further conveys how others have 
attempted to rectify the situation by completing multiple scans from varying positions or 
orientations, stating however, that this methodology does not always solve the problem.  
Many urban vegetation mapping studies have used other data sources, e.g. 
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hyperspectral images, to supplement LiDAR data to improve accuracy of the data 
(Zhang and Qiu 2012, Huang et al. 2013). 
Using TLS along the riverbank can easily provide data regarding vegetation 
quantities and tree information, including type, height, and width, as demonstrated by 
Jalonen et al. (2015) and Richardson et al. (2014).  Without removing the native 
vegetation along the toe of slope, the more detailed bank profiles, generally produced 
for fluvial studies cannot be constructed.  The TLS application at this site would, 
however, be an ideal tool for monitoring post-construction since the amount of 
vegetation would be reduced, particularly in the areas where erosion control measures 
were applied.  O’Neal and Pizzuto (2011) discovered that “remarkable” bank 
morphology information and documentation of bank retreat process could be obtained 
through the use of appropriately filtered TLS data.  Once completed, this type of 
assessment could be conducted on a regular basis, recording positive and negative 
aspects of different shoreline stabilization treatments as they relate to erosion control. 
It is also possible to “co-register” aerial and terrestrial LiDAR point clouds, which 
result in an incredibly rich dataset, complete with information related to canopy and 
topography attributes, as well as information about the vegetative understory 
(Shuckman and Renslow 2017).  However, airborne data is always georeferenced and 
tied to a mapping coordinate system, while terrestrial data is joined together in relative 
space by registration targets (Shuckman and Renslow 2017).  While co-registration 
seems straightforward from a conceptual point of view, careful planning and rigorous 
data processing is required to perform this task in reliable, quick, and cost-effective 
practice (Shuckman and Renslow 2017). 
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 In 2012, a study by Bremer and Sass attempted to combine aerial and terrestrial 
LiDAR into a singular dataset to quantify erosion and deposition produced by a debris 
flow in the Austrian Alps.  Due to the different characteristics of these data, the authors 
state that a number of alignment and filtering steps were required to achieve a relatively 
high volumetric accuracy.  This work was quite laborious and was completed over a 
several month period (Bremer and Sass 2012).  Conversely, Murgoitio et al. (2014) 
attempted to integrate the two datasets for visibility modeling in a lodgepole pine forest.  
Fine-scale visibility simulation proved to be problematic at longer distances and thus, 
integrating three-dimensional forest vegetation data into a short-range visibility model 
was not possible at this time. 
 
4.4.2 The cost of LiDAR 
Contracted ALS and TLS generally include costs related to mobilization, 
acquisition, and post-processing (Bangen et al. 2014).  Costs may vary depending on 
airport distance to the study site, the degree of post-processing required, and the 
availability of other data, like orthorectified imagery (Bangen et al. 2014).  The dual 
wave LiDAR data collection was part of a pilot project to assess its usefulness to 
SWFWMD and was offered at a reduced cost of $19,000.  In house SWFWMD staff 
completed all ground-truthing activities, which was equivalent to $10,000.  In a “real 
world” scenario, this work would have cost approximately $50,000 (A. Karlin, personal 
communication, February 7, 2017).   
The SWFWMD traditional infrared LiDAR cost is consistent with Bangen et al. 
(2014) estimates at $308/km2, though for non-governmental entities it can run as high 
  
122 
 
as $800/km2 (Karlin personal communication 2017).  Green LiDAR flown over the same 
generates a 10-fold increase in cost, at $3,080/km2 (A. Karlin, personal communication, 
February 7, 2017).  Traditional field survey for sites similar in size to the Huber Tract 
recently cost $30-45,000, depending on the level of detail required to implement a 
particular project, so the hybrid ALS effort is within reach.   
Costs for TLS surveys may include an additional capital expenditure or rental 
cost for equipment, service and licensing expenditures, as most scanners have 
proprietary processing software, and labor (Bangen et al. 2014).  The TLS system used 
in the Bangen et al. (2014) study cost $148,500, which involved three months of data 
capture with a two-person team and an average of 1.7 hours at each of their six study 
sites.  The USF crew performed the River Tower Park survey at no cost to the author, 
but was estimated to cost $10-15,000 for data collection and processing. 
 
4.4.3 The future of LiDAR 
 The concept of using unmanned aerial vehicles (UAVs) is not new to the world of 
surveying and mapping (Goinarov 1997, Leslar 2001).  However, the rapid development 
of technology over the last decade has made their use in this industry much more 
practical (Leslar 2015).  Today’s UAVs are now easier to control, are capable of 
carrying heavier payloads, and achieving longer flight durations (Leslar 2015).  
Combining the appropriate UAV with the proper high-resolution camera and software, 
can provide a fast, cost-effective, and reliable solution for some of LiDAR’s historical 
issues, such as shadows and occlusions (Leslar 2015).   
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Wallace et al. (2012) assessed the suitability of UAV-borne LiDAR for forest 
surveying and determined that system accuracy was suitable for this application.  Olsoy 
et al. (2014) and Leslar (2015) also incorporated imagery obtained from a UAV with 
terrestrial-based LiDAR with great success.  Used in conjunction with cutting edge flash 
LiDAR technology, these advances can be further extended with real-time video 
interpretation of landscapes (Shuckman and Renslow 2017). 
‘Structure from Motion,’ or SfM, is yet another emerging method in the 
geosciences field that utilizes high-resolution (sub-meter) imagery, captured from UAVs, 
to generate ground-based topographic and object structure in 3-D (Westoby et al. 
2012).  Samiappan et al. (2016) and Müllerová et al. (2017) implemented SfM in the 
classification of invasive plant species.  The SfM methodology was used to create digital 
surface models to assist with discrimination of Robinia pseudoaccacia (black locust) 
and Phragmites australis (common reed) from surrounding landscape attributes.  Both 
studies produced highly accurate mapping products, demonstrating the use of UAVs 
and SfM in conservation practices.  Cox et al. (2016) employed SfM to construct terrain 
models that were used to calculate channel headcuts and soil erosion rates in riparian 
areas with the Sweetwater sub-basin of central Wyoming.  Again, applying this 
technique to high-resolution imagery, the study provided data that was otherwise 
unattainable for the purpose of identifying lost ecological services and restoration 
opportunities. 
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4.5 Conclusion 
 
 Applying new technological approaches to ecological restoration offers the 
opportunity to develop a more comprehensive overview of each project site and its 
features.  Models created from LiDAR applications can help to design projects with 
increased sustainability and resiliency (Slovin 2015).  Airborne and terrestrial systems 
facilitate comprehensive assessments of habitat structure and function, enhancing the 
land managers’ ability to monitor responses to climate influences and to forecast habitat 
evolutions (Olsoy et al. 2014).   
 This study provided a brief demonstration how LiDAR could be used to create 
better, successful restoration projects.  While overall survey quality as it relates to 
spatial extent, resolution, and precision factors is essential, the effort, efficiency, and 
cost of acquiring topographic data are also important considerations (Bangen et al. 
2014).  Hybrid ALS data, comprised of near infrared and green wavelength returns, was 
shown to produce a highly-detailed DEM from which structurally and functionally 
complex restoration designs could be created.  When compared to traditional field 
survey and ALS data capture, the methodology also proved to be cost efficient. 
 On the other hand, while TLS has been shown to work well for extracting bare 
earth DEMs along exposed slopes in a number of studies, tripod-mounted, or static 
TLS, is presently not an appropriate method to obtain this topographic information in 
heavily vegetated settings (Bangen et al. 2014).  However, if modeling vegetation is the 
focus of the intended research, static TLS can be a very viable method (Manners et al. 
2013).  Due to the heavily vegetated characteristic of most SWIM restoration sites and 
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the high cost of implementing TLS, this method appears to be impractical for general 
design use. 
 Through the use of georeferenced mapping information, including vegetation, 
soils, and elevation data, landscapes can be designed to include a number of features 
know to strongly affect animal and plant populations, such as patch isolation, contiguity, 
size, and shape (Turner and Gardner 1990, Robbins and Bell 1994).  The ever-evolving 
nature of ALS and TLS technology presents an exciting area of research and 
development in the ecological restoration arena for understanding, creating, and 
managing quality habitat for wildlife species (Olsoy et al. 2014). 
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Table 4.1. Mission parameters for contracted dual-wave aerial LiDAR data collection 
(Karlin and Owens 2014). 
Mission Parameter Riegl LMS VQ-820-G Riegl Q680i 
Date/Time of Flight 11/4/2013 :1426-1524 EST 10/30/13 :1544-1644 EST 
Laser Wavelength 532 nm 1550 nm 
Average Altitude (MSL) 550 m 550 m 
Average Air Speed 100 knots 100 knots 
Scan Rate 70 lines/sec 50 lines/sec 
Scan Field of View (angle) 42° 60° 
Pulse Rate 512 kHz 320 kHz 
Nominal Point Spacing 12 ppsm 10 ppsm 
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Table 4.2. Mission parameters for terrestrial LiDAR data collection (FARO 2017). 
 
Mission Parameter FARO Focus 3D 
Date/Time 4/8/2013 : 0800-1200 EST 
Laser Class 3R 
Field of View (horizontal/vertical) 360˚ / 305˚ 
Range 120 m 
Scan Resolution 0.6 mm @10 m 0.95 mm @ 25 m 
Scan Rate 122,000 points per second 
Weight 0.5 kg 
Wavelength 905 nm 
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Table 4.3. Volumetric analysis results from Figure 4.6 area. 
 
Parameter Volume (cy) Volume (m3) 
Total Volume 70.3 53.7 
Net Volume -17.4 -13.3 
Cut Volume 26.4 20.2 
Fill Volume 43.9 33.6 
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Figure 4.1. Huber Tract study site. 
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Figure 4.2. River Tower Park study site. 
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Figure 4.3. SWFWMD natural color 2014 aerial imagery of the Huber Tract. 
 
 
  
132 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Comparison of 2007 near infrared LiDAR (left) and 2013 dual-wave LiDAR (right) TIN products 
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Figure 4.5. Dual-wave LiDAR DEM visualization in Global Mapper 18.0 (left).  Cross section of spoil mounds delineated 
by line in the DEM visualization (right). 
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Figure 4.6. Area denoted by polygon selected for volumetric analysis on 2013 dual-wave LiDAR DEM. 
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Figure 4.7. Classified points from TLS data, ground depicted in brown and vegetation depicted in gray. 
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Figure 4.8. Bank cross sections comparing ALS (left) and TLS (right) at River Tower Park site. 
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Figure 4.9. The 2013 dual-wave hybrid LiDAR TIN with conceptual wetland design overlay (in light blue)
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CHAPTER FIVE: 
CONCLUSION 
 
 
Ecological restoration is essential for preserving the biodiversity of plant and 
animal species in an urbanized environment.  Restoration activities are becoming 
increasingly vital in managing, conserving, and repairing the ecosystems within the 
Tampa Bay watershed as the population continues to grow and climate change impacts 
are realized.  Monitoring these efforts will help to improve their rate of success and 
provide lesson learned for future endeavors.  This study developed and extended 
techniques to quantitatively assess habitat restoration completed by the SWFWMD 
SWIM Program within the Tampa Bay watershed by evaluating a variety of monitoring 
protocols spanning several temporal and spatial scales. 
The goal of the initial portion of the research attempted to use aerial imagery and 
ground-based assessments to determine what types of habitat had been created or 
restored over the past 23 years in the Tampa Bay watershed, how they were developing 
in terms of “success,” and how efficient the appraisal methodology was in determining 
this outcome.  The results were consistent with Suding’s (2011) work, demonstrating 
that just over 30% of the restoration projects were deemed “successful” and, in addition, 
the sum of the created habitats within all project types were meeting the outlined goals 
for Tampa Bay. 
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The data in this effort provided the foundation for a new monitoring protocol.  The 
UMAMmod was shown to be a promising crossover tool for monitoring restoration 
progress toward sustainability, and thus, “success.”  Scores provided from the use of 
this tool can be recorded and compared through time, across all habitat types.  When a 
trajectory appears to dip or plateau prior to achieving a score of at least 0.70, natural 
resource professionals have the ability to adaptively manage for barriers that may keep 
a project from achieving success.  The LDI index, used in conjunction with the 
UMAMmod, can provide a straightforward calculation for the Location and Landscape 
Support portion of the UMAMmod scoring.  Using this index, no subjective visual 
assessment of the surrounding landscape would be required.  The LDI consistently 
computes the proportion of nearby land use that may affect project development. 
This work required basic GIS knowledge and familiarity with construction plan 
sets and local plant species.  The total effort required for one project varied between 
two to four hours, depending on the complexity of the project.  Thus, the cost for this 
type of monitoring would be approximately $135-270 per project, which includes two to 
four person-hours to collect data and one person-hour to process data, or $6,885 for all 
34 sites (Table 5.1). 
The next section focused on a portion of mangrove forest in Tampa Bay that was 
restored a little over 10 years ago, using a novel technique.  Using a new remote 
sensing toolset offered in ESRI ArcMap 10.3 and ground-based line-intercept transect 
data collection, the goal of this endeavor was to evaluate the restoration technique and 
the ability to monitor project progress in a cost-effective manner. 
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Hydroblasting was determined to be a successful restoration technique, reducing 
exotic vegetation coverage by ~70% or more at all transect locations.  The remote 
sensing effort correctly identified exotic vegetation within the entire hydroblasting 
footprint ≥50% of the time.  The integration of remote sensing into the ESRI AcrGIS 
platform makes this option for habitat monitoring much more accessible to the natural 
resource professional.  However, some experience with photointerpretation of 
vegetation signatures was necessary and a significant amount of time, approximately 
six weeks, was required to learn how to appropriately apply the new toolset.  With 
access to free high resolution aerial imagery, either from a county or state agency, and 
a spatial analysis software license, this method of monitoring can be implemented with 
great efficiency at a moderate cost, once the software and general use knowledge has 
been obtained.  This effort involves eight person-hours for field data collection and one 
to two person-hours for processing, totaling $5,100. 
The final piece of research used airborne and terrestrial LiDAR to identify 
features within a single project footprint in its pre-construction condition.  The data 
demonstrated the ability to more accurately locate attributes on a site and precisely 
calculate cut and fill balances for hydrologic projects involving mosquito ditches.  This 
was the costliest of all the monitoring tools due to the fact that the LiDAR data is not 
freely accessible.  The acquisition cost for the ALS was not significantly different than 
traditional survey collection methods, ~$50,000 per 200 hectares, and may be an option 
for future design planning use.  The TLS, however, was not found to be a viable option 
for design use at this time due to cost for large footprint data capture and the 
complicated and lengthy processing time required to distinguish between ground and 
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vegetation points in areas of heavy coverage.  The TLS may, however, be cost effective 
to gather data related to cultural resources or rare habitat types within a specific area of 
a site.  Neither ALS nor TLS is likely to be implemented as a monitoring tool due to cost. 
This work successfully addressed these four questions: 1) What is the extent of 
restoration completed by the SWIM Program in Tampa Bay?  2) Are the projects 
becoming self-sustaining, and thus “successful,” over time?  3) Are these projects 
making a difference, ecologically, within the watershed?  4) Can the proposed 
monitoring techniques provide a cost-effective method for validating restoration project 
success?   It also brought to light other considerations for future work, 1) How are the 
habitats within completed SWIM projects changing over time?  2) How are projects 
completed by other entities in Tampa Bay progressing, 3) Are the smaller, <10 hectares, 
projects on the same trajectory as the larger restoration projects? 4) Should projects 
continue to be implemented if long-term maintenance and management are not 
guaranteed by the land owner? 
In conclusion, the Tampa Bay scientific community is a passionate group that is 
continually evaluating ways to improve the structural and functional ecology of bay 
habitats.  Working together, this collection of federal, state, county, municipal, and non-
governmental individuals is committed to the bay’s recovery, from its near-death state in 
the 1960s to its current flourishing ecosystem condition.  This study was intended to 
build on these efforts and to provide a means of monitoring and managing restoration 
activities over the long-term to ensure their sustainability and resiliency.  The collection 
of habitat restoration assessment methods demonstrated in this research can 
dependably be used by the natural resource community to ensure future and completed 
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projects are continuing to compensate for habitat loss and provide ecosystem services 
in the face of ever evolving human and climate generated pressures.   
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Table 5.1.  Efficiency of each evaluation method used in this study. 
 
EVALUATION 
METHOD SCALE 
LEVEL 
OF 
EFFORT 
COST 
ABLE TO 
DETERMINE 
OVERALL 
SUCCESS? 
HABITAT 
ASSESSMENT Regional Nominal 
Imagery and software, provided by SWFWMD 
Data collection and processing, $135-270/project,         
or ~$6,885 for all 34 projects 
Yes 
REMOTE 
SENSING Landscape Moderate 
Imagery and software, provided by SWFWMD 
Data collection and processing, $400-450/project,         
or ~$5,100 for the Gateway Tract research effort 
Yes 
LIDAR Project Extensive 
ALS, contracted, ~$50,000 per 200 hectares 
TLS, contracted, ~$10-15,000 per 50 meters 
for imagery capture and data collection and 
processing 
Yes 
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Location and Landscape Support Water Environment Community Structure 
Project Name Assessment Date 
Surrounding Land Use      
(100 m Buffer) % 
Stormwater 
Component 
Function 
Characteristics 
Native Species 
Coverage 
Exotic/Invasive 
Species 
Coverage 
E.G. Simmons Park 7/25/16 
 
1800 Recreational                       
1900 Open Land                          
5400 Bays and Estuaries 
6120 Mangrove Swamps 
6420 Saltwater Marshes 
 
71.8   
12.4   
0.7    
14.7   
0.4   
No 
Estuarine areas 
functioning as 
designed, 
mangrove 
monoculture 
>80% <5% 
Cockroach Bay 1B2 8/23/13 
 
1300 Residential High Density          
1900 Open Land                         
2400 Nurseries and Vineyards    
2600 Other Open Land               
5300 Reservoirs                          
6120 Mangrove Swamps            
6410 Freshwater Marshes          
6420 Saltwater Marshes             
6440 Emergent Aquatic Veg 
 
35.5   
17.5   
1.4   
1.4   
4.7   
35.0  
0.7   
1.9   
1.9    
No 
Estuarine areas 
functioning as 
designed, direct 
connection to bay 
>80% <5% 
Cockroach Bay 1B1 8/23/13 
 
1300 Residential High Density    
1900 Open Land                         
2400 Nurseries and Vineyards     
2600 Other Open Land               
5300 Reservoirs                          
6120 Mangrove Swamps            
6410 Freshwater Marshes           
6420 Saltwater Marshes              
6440 Emergent Aquatic Veg 
     
25.8   
14.9   
40.7    
1.1   
1.8   
13.2   
0.6   
0.5   
1.5 
Yes 
Excessive cattail 
growth affecting 
hydrology and 
wildlife use of 
ponds 
5-25% 50-80% 
Cockroach Bay 1A1 8/23/13 
 
1900 Open Land                
5300 Reservoir                   
6120 Mangrove Swamps                
6150 Stream and Lake Swamp                     
6300 Wetland Forested Mixed          
 
40.9  
1.6  
47.4  
0.3
8.6    
No 
Estuarine areas 
functioning as 
designed, direct 
connection to bay 
>80% <5% 
  
198 
 
6410 Freshwater Marsh                 
6420 Wet Prairie            
0.9    
0.3   
Emerson Point 
Phases 1 and 3 7/26/13 
 
1900 Open Land                 
2100 Cropland/Pastureland        
3200 Shrub and Brushland         
4200 Upland Hardwood Forest    
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed    
6440 Emergent Aquatic Veg 
 
17.6   
4.1    
10.3    
15.5   
5.2   
33.3    
13.6   
0.3 
No 
Estuarine areas 
functioning as 
designed, 
mangrove 
monoculture 
>80% <5% 
Lake Thonotosassa 7/11/13 
 
1100 Residential Low Density     
1900 Open Land                         
4340 Hardwood Conifer Mixed    
5200 Lakes                                  
6150 Stream and Lake Swamp   
6210 Cypress                              
6300 Wetland Forested Mixed     
6410 Freshwater Marshes          
6440 Emergent Aquatic Veg 
 
29.1  
17.0  
0.4   
34.7   
10.0   
0.5   
0.1   
5.3   
2.9    
No 
Exotic plant growth 
restricting flow in 
slough area 
25-50% 50-80% 
Cockroach Bay 
Uplands Phase 1 8/23/13 
 
1500 Industrial                            
1900 Open Land                         
2400 Nurseries and Vineyards    
5300 Reservoirs                           
6120 Mangrove Swamps             
6410 Freshwater Marshes         
6420 Saltwater Marshes              
6600 Salt Flats 
 
2.3   
45.7   
12.2   
5.8   
4.8    
4.1   
24.4    
0.9 
NA NA 25-50% 50-80% 
Cockroach Bay 1A2 8/23/13 
 
1900 Open Land                
5300 Reservoir                   
6120 Mangrove Swamp                
6150 Stream and Lake Swamp                     
6300 Wetland Forested Mixed          
6410 Freshwater Marsh                 
6420 Wet Prairie            
 
 
43.5   
28.3   
19.5   
0.4
5.5    
2.3    
0.5 
No 
Estuarine areas 
functioning as 
designed, direct 
connection to bay 
>80% <5% 
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Coopers Point 8/18/16 
 
1700 Institutional                         
3300 Mixed Rangeland               
5300 Reservoirs                           
6120 Mangrove Swamps 
 
10.7   
13.1   
0.7   
75.5 
No 
Estuarine areas 
functioning as 
designed, direct 
connection to bay 
>80% <5% 
Palmetto Estuary 1 5/16/14 
 
1300 Residential High Density     
1400 Commercial and Service    
1700 Institutional                         
1900 Open Land                          
5300 Reservoirs                              
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed    
8100 Transportation 
 
8.3    
3.8   
4.2   
11.4   
0.9   
49   
0.4   
11.2   
10.8 
No 
Estuarine areas 
functioning as 
designed, 
mangrove 
monoculture 
>80% <5% 
Wolf Branch Creek 
1 and 2 8/25/16 
 
1100 Residential Low Density     
1200 Residential Med Density    
1300 Residential High Density     
1650 Reclaimed Land                 
1900 Open Land                         
2600 Other Open Land               
4340 Hardwood Conifer Mixed   
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed    
6420 Saltwater Marshes             
6430 Wet Prairies                        
6600 Salt Flats 
 
4.3   
4.4    
5.2    
8.9   
10.3   
2.7   
0.2   
18.0   
1.2   
16.1    
3.0   
9.7    
3.9    
12.3 
No 
Evidence of sheet 
flow in estuarine 
areas, some 
freshwater ponds 
with significant 
cattail recruitment 
50-80% 5-25% 
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Terra Ceia Uplands 
Phase 1 8/9/13 
 
1100 Residential Low Density     
1200 Residential Med Density    
1300 Residential High Density     
1800 Recreational                 
1900 Open Land    
2100 Cropland/Pastureland 
2140 Row Crops                      
2600 Other Open Land  
3200 Shrub and Brushland              
4340 Hardwood Conifer Mixed   
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes   
6420 Saltwater Marshes             
6440 Emergent Aquatic Veg                        
6600 Salt Flats 
8100 Transportation 
 
14.2     
0.6   
12.4    
0.5    
2.9    
1.2    
2.3    
13.6    
6.8    
7.7   
0.9    
2.5    
14.7    
12.0    
3.0    
0.6    
0.2
0.4   
3.6 
NA NA 25-50% 50-80% 
Davis Tract 7/25/16 
 
1200 Residential Med Density    
1400 Commercial and Service                
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed    
6420 Saltwater Marshes             
6430 Wet Prairies           
               
19.5   
4.2   
0.5   
62.5   
10.5   
0.4   
2.4      
No 
Minimal water 
component, flow 
blocked by 
vegetation 
5-25% >80% 
Terra Ceia Uplands 
Phase 2 8/9/13 
 
1100 Residential Low Density      
2400 Nurseries and Vineyards                      
2600 Other Open Land  
3200 Shrub and Brushland        
3300 Mixed Rangeland       
4340 Hardwood Conifer Mixed   
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6420 Saltwater Marshes             
6440 Emergent Aquatic Veg                        
6600 Salt Flats 
8100 Transportation 
32.4    
1.1   
6.3   
5.9   
0.3   
2.4   
3.8   
23.6   
9.7   
1.3   
0.7   
0.3   
12.2 
NA NA >80% <5% 
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Joe's Creek School 
Site 6/27/14 
 
1300 Residential High Density    
1700 Institutional 
5300 Reservoirs                
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed    
6420 Saltwater Marshes         
            
22.8    
22.6   
2.4     
1.8    
23.3   
20.5   
6.5     
Yes 
Estuarine areas 
generally 
functioning as 
designed, some 
restrictions created 
from erosion 
>80% <5% 
Tappan - South 
Tampa Greenway 4/26/13 
1300 Residential High Density 
1900 Open Land                         
6120 Mangrove Swamps            
6420 Saltwater Marshes 
33.0   
4.0  
57.9  
5.0 
No 
Estuarine areas 
functioning as 
designed, 
mangrove 
monoculture, 
evidence of fiddler 
crab collection and 
ATV use 
>80% <5% 
Schultz Preserve 3/22/13 
 
1200 Residential Med Density    
1900 Open Land    
2600 Other Open Land  
3300 Mixed Rangeland              
4340 Hardwood Conifer Mixed   
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6420 Saltwater Marshes             
7400 Disturbed Land 
 
 
0.8   
28.4   
3.8    
40.1    
12.7     
0.7    
4.1    
7.7   
0.6   
0.9   
0.4 
Yes 
Freshwater areas 
have signficant 
cattail growth, may 
affect function at 
discharge point 
50-80% 25-50% 
North Apollo Beach 4/12/13 
 
1100 Residential Low Density                
1300 Residential High Density             
1800 Recreational              
1900 Open Land                
4340 Hardwood Conifer Mixed            
5400 Bays and Estuaries 
 
16.6      
19.6      
6.8       
47.4     
2.7       
6.9 
Yes 
Estuarine areas 
functioning as 
designed, 
stormwater area 
dry 
>80% <5% 
Cockroach Bay 
Freshwater 
Wetlands 
8/23/13 
1900 Open Land                         
2400 Nurseries and Vineyards 
5300 Reservoirs     
51.1   
10.2   
9.7    
0.1    
No 
Freshwater areas 
functioning as 
designed, high 
degree of native 
>80% <5% 
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5400 Bays and Estuaries                       
6120 Mangrove Swamps             
6410 Freshwater Marshes         
6420 Saltwater Marshes               
22.9    
11.5   
23.5    
plant recruitment 
and diversity of 
species 
Lancaster Tract 4/19/13 
 
1100 Residential Low Density     
1200 Residential Med Density    
1300 Residential High Density     
1700 Institutional                 
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6420 Saltwater Marshes             
8100 Transportation 
 
25.9   
37.2     
10.6   
8.5  
2.8  
4.2    
3.5    
0.8   
5.3   
1.1     
Yes 
Mangroves 
creating flow 
restriction at high 
point in estuarine 
area 
>80% 5-25% 
Cockroach Bay 
Uplands Phase 2 4/19/13 
 
1900 Open Land                         
2400 Nurseries and Vineyards 
5300 Reservoirs     
6410 Freshwater Marshes  
         
71.0   
7.7    
10.9   
10.5 
NA NA >80% 5-25% 
Gateway Tract 5/31/13 
 
1300 Residential High Density     
1400 Commercial and Service                 
1900 Open Land    
4110 Pine Flatwoods         
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes   
6420 Saltwater Marshes             
6430 Wet Prairies                        
6600 Salt Flats 
8100 Transportation 
 
11.9    
4.7    
10.9    
2.1   
3.1    
0.2    
31.6   
3.3    
1.7    
0.7    
3.8    
0.3    
25.8 
No 
Estuarine areas 
functioning as 
designed, mosquito 
ditches hinder 
complete tidal 
exchange 
>80% <5% 
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Kapok Park 5/9/14 
 
1200 Residential Med Density                
1300 Residential High Density             
1800 Recreational              
1900 Open Land                
4340 Hardwood Conifer Mixed   
5300 Reservoirs                           
6150 Stream and Lake Swamp    
6410 Freshwater Marshes 
 
14.4   
44.6   
12.2    
0.4   
14.7    
2.8    
5.6   
5.4 
Yes 
Some exotic plant 
recruitment in 
freshwater ponds 
>80% 5-25% 
Cockroach Bay 
Braided Tidal Creek 8/23/13 
 
1900 Open Land                          
5300 Reservoirs     
6300 Wetland Forested Mixed             
6410 Freshwater Marshes         
6420 Saltwater Marshes   
6430 Wet Prairies             
 
69.1   
14.5   
8.8    
7.3    
0.3   
0.4     
No 
Estuarine areas 
functioning as 
designed, 
mangrove 
monoculture 
>80% <5% 
Terra Ceia Uplands 
Phase 3 8/9/13 
 
2400 Nurseries and Vineyards                      
2600 Other Open Land  
3200 Shrub and Brushland   
4100 Upland Conifer Forest      
4340 Hardwood Conifer Mixed  
5100 Streams and Waterways  
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed 
6410 Freshwater Marshes  
6420 Saltwater Marshes    
6440 Emergent Aquatic Veg                        
6600 Salt Flats 
 
 
3.5
0.7    
4.7   
1.3   
1.2   
1.4   
12.1   
62.1   
9.3   
0.1   
2.0   
0.1
1.6    
NA NA 5-25% >80% 
Newman Branch 
Phases 1 and 2 4/18/14 
 
1100 Residential Low Density     
1900 Open Land    
2100 Cropland/Pastureland 
2400 Nurseries and Vineyards 
2550 Tropical Fish Farms                       
3200 Shrub and Brushland    
3300 Mixed Rangeland 
4110 Pine Flatwoods           
4340 Hardwood Conifer Mixed   
5400 Bays and Estuaries            
4.0   
2.6    
9.7    
19.0   
1.2    
5.1   
0.9    
0.3    
3.8   
0.7   
15.1   
3.4    
No Some stagnation, duckweed growth >80% <5% 
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6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes   
6420 Saltwater Marshes             
6430 Wet Prairies 
6520 Shorelines                        
6600 Salt Flats 
8300 Utilities 
 
11.4    
1.3   
3.0   
4.7   
1.0   
12.8 
Terra Ceia 
Wetlands 8/9/13 
 
1100 Residential Low Density     
1300 Residential High Density     
1800 Recreational                 
1900 Open Land    
2140 Row Crops       
2400 Nurseries and Vineyards                 
2600 Other Open Land  
3200 Shrub and Brushland      
4100 Upland Conifer Forest         
4340 Hardwood Conifer Mixed 
5100 Streams and Waterways   
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes   
6420 Saltwater Marshes          
6440 Emergent Aquatic Veg                        
6600 Salt Flats 
7100 Beaches, Non-Swimming 
8100 Transportation 
 
4.9   
2.4   
1.4   
1.2   
0.8   
1.4  
2.5   
2.1   
0.1   
2.7   
0.2  
0.8   
7.8   
47.7   
13.3   
0.6   
1.1   
0.4
1.5   
0.1   
7.2 
No 
Stagnation and 
algae growth in 
some freshwater 
ponds, estuarine 
areas functioning 
as designed 
>80% <5% 
Terra Ceia Uplands 
Phase 4 8/9/13 
 
1100 Residential Low Density     
1300 Residential High Density 
1400 Commercial and Service     
1800 Recreational                 
1900 Open Land    
2100 Cropland/Pastureland 
2400 Nurseries and Vineyards 
2600 Other Open Land  
3200 Shrub and Brushland 
4100 Upland Conifer Forest              
4340 Hardwood Conifer Mixed  
20.7   
1.1   
1.1   
1.2   
2.0   
1.7   
2.0   
11.0   
0.5   
2.6   
8.4   
0.8   
NA NA >80% <5% 
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5100 Streams and Waterways  
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes   
6420 Saltwater Marshes             
6600 Salt Flats 
8100 Transportation 
 
0.2   
7.0   
27.4   
3.5   
0.1   
0.5   
2.5   
5.7 
Robinson Preserve 
Phase 1 2/22/13 
 
1100 Residential Low Density     
1200 Residential Med Density    
1700 Institutional                 
1900 Open Land    
2400 Nurseries and Vineyards 
2600 Other Open Land  
4200 Upland Hardwood Forest   
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6440 Emergent Aquatic Veg                        
6600 Salt Flats 
 
3.1   
2.6   
0.8   
0.6   
0.9   
35.9   
1.0   
1.5    
8.0   
43.5   
0.3  
1.4
0.6 
Yes 
Estuarine areas 
functioning as 
designed, high 
degree of native 
plant recruitment 
and diversity of 
species, direct 
connection to bay 
and Manatee River 
>80% >5% 
Ekker Property 8/21/15 
 
1100 Residential Low Density     
1300 Residential High Density 
2600 Other Open Land  
3200 Shrub and Brushland 
4340 Hardwood Conifer Mixed  
6150 Stream and Lake Swamp      
6440 Emergent Aquatic Veg       
7400 Disturbed Land 
8100 Transportation 
 
30.5   
26.7   
31.0   
0.9   
6.8   
0.4   
0.1   
2.3   
1.4 
No 
Signs of hydrologic 
stress in freshwater 
ponds, algae 
growth 
50-80% 5-25% 
Terra Ceia Uplands 
Phase 6 7/25/16 
 
1100 Residential Low Density     
1300 Residential High Density   
1900 Open Land    
2100 Cropland/Pastureland 
2400 Nurseries and Vineyards                      
2600 Other Open Land  
3200 Shrub and Brushland  
6.0   
0.1   
1.4   
3.2   
8.5   
4.5
4.3   
0.2   
NA NA 5-25% 50-80% 
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3300 Mixed Rangeland 
4340 Hardwood Conifer Mixed  
5100 Streams and Waterways  
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes   
6420 Saltwater Marshes             
6440 Emergent Aquatic Veg                        
6600 Salt Flats 
7100 Beaches, Non-Swimming 
8100 Transportation 
 
4.1   
1.5   
1.0   
4.4   
31.2   
17.7    
0.6   
0.5   
0.3   
0.4
0.1   
10.2 
Lost River Preserve 8/25/16 
 
1200 Residential Med Density      
1900 Open Land    
2600 Other Open Land  
5300 Reservoirs                          
6120 Mangrove Swamps            
6300 Wetland Forested Mixed  
6410 Freshwater Marshes  
   
35.5   
35.2   
7.5   
0.3    
13.6   
7.2   
0.8 
No 
Freshwater area 
somewhat 
stagnant, estuarine 
functioning as 
designed 
>80% <5% 
Clam Bayou   
Phase 3 8/18/16 
 
1100 Residential Low Density              
1300 Residential High Density            
1400 Commercial and Service            
1800 Recreational              
1820 Golf Courses            
1900 Open Land                
4340 Hardwood Conifer Mixed          
5100 Streams and Waterways           
5400 Bay and Estuaries           
6120 Mangrove Swamps         
7400 Disturbed Land 
 
1.6      
51.6      
2.0       
0.2      
6.6       
4.2     
9.4    
0.7    
1.6   
19.3  
2.7  
Yes 
Estuarine areas 
functioning as 
designed, 
freshwater ponds 
have some 
stagnation and 
exotic plant 
recruitment 
>80% <5% 
Perico Preserve 7/25/16 
 
1300 Residential High Density 
1900 Open Land 
2100 Cropland/Pastureland 
5300 Reservoirs                          
5400 Bays and Estuaries            
6120 Mangrove Swamps 
 
 
18.7   
0.1   
16.5   
3.1   
15.2     
46.5 
No 
Estuarine areas 
functioning as 
designed, 
freshwater ponds 
have significant 
stagnation some 
cattail recruitment 
>80% <5% 
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